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To 
My Son 
GUSTAV 


TO THE READER 


You may have wondered why so many of the pictures 
in this book are so like one another. No doubt you have 
already found out how they work. I am going to try and 
tell you something about the restless universe and to let you 
see something of its inner secrets for yourselves! You will 
come across from time to time references to “ Film No. 
so-and-so ”’, you then turn it up and work it. The pictures 
all run from the middle of the book outwards. For those 
in the first half of the book it is best to hold the book in 
your right hand and flick over the pages with the left thumb; 
for those 1n the second half, use the opposite hands. First 
run through each “ film ”’ quickly, then more slowly, and 
watch carefully exactly what happens. 

M. B. 
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Aber im stillen Gemach entwirft bedeutende Zirkel 

Sinnend der Weise, beschleicht forschend den schaffenden 
Geist, 

Priift der Stoffe Gewalt, der Magnete Hassen und Lieben, 

Folgt durch die Lifte dem Klang, folgt durch den Aether 
dem Strahl, 

Sucht das vertraute Gesetz in des Zufalls grausenden Wundern, 

Sucht den ruhenden Pol in der Erscheinungen Flucht. 


Schiller, Der Spaziergang. 


But in his quiet chamber the pondering sage describes 

Magical circles, and steals e’en on the formative spirit, 

Tests the forces of matter, hatreds and loves of the magnet, 

Follows the sound through the air, follows through ether the 
ray, 

Seeks the familiar law ’mid the grim wonders of chance, 

Seeks the immutable pole in the phenomena’s flight. 


B. N. John. 


‘he Restless Universe 


CHAPTER I 
The Air and its Relatives 


T is odd to think that there is a word for some- 
thing which, strictly speaking, does not exist, 
namely, ‘* rest ”’. 

We distinguish between living and dead matter; 
between moving bodies and bodies at rest. ‘This is 
a primitive point of view. What seems dead, a stone 
or the proverbial ‘* door-nail ’”’, say, 1s actually for 
ever in motion. We have merely become accus- 
tomed to judge by outward appearances; by the 
deceptive impressions we get through our senses. 

We shall have to learn to describe things in new 
and more accurate ways. We say, “* The air in the 
cinema is ‘ bad’; the hill air is *‘ good’.’’ But 
goodness or badness is not a property of the a7, 
but of what is mixed with 1t—dust, soot, water- 


vapour, &c. Now, just what zs airr 
1 








2 THE AIR AND ITS RELATIVES 


1. Air Pressure. 


We are using air all the time as we breathe in and 
out, and, as we know, our lungs get from it the 
oxygen we need to keep us alive. This is Chemistry, 
which we shall leave till later. 

By keeping our mouths shut we can puff out our 
cheeks with the air. This is Physics; in fact, it 1s 
the simplest possible experiment on air pressure. 
We can learn a good deal more about air, however, 
by using an air pump, say a bicycle pump. When 
we push down the top of the pump (the piston) we 
squeeze the air inside the pump together, 1.e. we 
compress it. The air then pushes open a valve and 
finds its way into the tyre. You may have noticed 
that by the time you have finished pumping up, the 
pump is quite hot. You may think that this 1s due 
to friction, like the warmth you feel if you rub the 
palms of your hands together. True, some of the 
heat is due to friction, but most of it is due to 
something else. Here is an experiment to prove it. 
Unscrew the pump and just pump into the air. 
Now the pump scarcely heats up at all. In pumping 
up the tyre, therefore, we have an example of 
heating by compression. 

A bicycle pump 1s a compression pump. There 
are also suction pumps, which suck the air out of a 
closed vessel. They are used, for example, in making 
electric lamps; the bulbs are pumped free of air to 
prevent the fine metal filaments burning away. As 
a result of modern advances in science, we can now 
make very efhcient pumps indeed, which can remove 
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almost every trace of air (or gas) from a closed 
vessel. But we cannot go into the details of pump 
construction here; what we are interested in is the 
question, what #s this substance air, which resists 
our attempts to squeeze it together and immediately 
spreads itself all through any space offered to it? 

Think of a class at school just before the holidays. 
When the bell rings and the classroom door is 
opened, the children hurry out and in a minute or 
two the classroom is “rarefied’’ (almost empty). 
For a few minutes there is a low “ concentration ”’ of 
children in the corridors, but soon all of them find 
their way out at the main door. The holidays have 
begun, and inside the school there is a “‘ vacuum ”’ (1). 

This is very like the idea which physicists have 
had of the nature of air, at least for the last hundred 
years or more. The physicist takes it for granted 
that air merely consists of a lot of small particles 
which he calls molecules. ‘These molecules are flying 
about all the time and are continually colliding with 
one another and with the wall of the vessel contain- 
ing them. Ifa part of the wall 1s movable, like the 
piston of an air pump (2), the continual hailstorm 
of particles will push it out, unless something on the 
other side of it prevents it moving out. The swarm 
of molecules tends to spread evenly throughout any 
space available, and if we try to make the air 
“thicker” (denser) by squeezing it together (as in 
the bicycle pump) the molecules will find their way 
through any chink or crevice until they are once 
more spread evenly (though more thinly) through- 
out the space. 





(1) 











4 THE AIR AND ITS RELATIVES 


You may say, “‘ Yes, this is likely enough; but 
how are you going to prove it? Why do the molecules 
have ‘ that holiday feeling ’ which makes them rush 
out at the door like children from school?” 

Good. What we have done 1s to make a physical 
theory, and we must be prepared to produce evidence 
in favour of our theory. 

The theory is called the kinetic theory of gases. 
The Greek word for motion is kinema, so that 
the name means that the theory is based on the 
motion of the molecules, i.e. on their restlessness. 
And the theory does not apply to air only, but is 
generally believed to hold for all its relatives, the 
other gases, such as oxygen and nitrogen, the con- 
stituents of air; hydrogen, which burns, and carbon 
dioxide, which puts out a flame; the poisonous 
carbon monoxide, the strong-smelling ammonia, the 
greenish-yellow chlorine, the so-called inert gases 
neon and argon, which do not react chemically at 
all, and others too numerous to mention. 

At one time scientists were accustomed to draw 
a distinction between “ permanent ”’ gases, which 
could not be liquefied, and other gases which were 
known to be the “ vapours ”’ of liquid or solid sub- 
stances, bearing the same relation to them as steam 
does to water. As lower and lower temperatures (3) 
were reached, however, one gas after another was 
liquefied; first carbon dioxide (at — 78- 5° C.), then air 
(at —193° C.), and other familiar gases. The last 
gas to resist liquefaction was helium; but at last 
Kamerlingh-Onnes succeeded in liquefying this gas 


also, at the extremely low temperature of — 269° C. 
(E 969) 
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It is clear, then, that there is no real difference 
between a gas and a vapour. Conversely, every 
liquid or solid substance can be vaporized, i.e. 
transformed into a genuine gas, by the application 
of high temperatures. There is no substance, not 
even iron or gold or platinum, that will not melt 
and vaporize if the heat is great enough. One of 
the most difficult metals to vaporize is tungsten, 
the boiling-point of which 1s estimated to be 4800° C. 

Thus the concept of a gas includes every sub- 
stance whatever—provided the temperature is suffi- 
ciently high; and the kinetic theory of gases is 
believed to apply to all substances in the gaseous 
state. 

We must now bring forward evidence in favour 


of the kinetic theory. 


2. Collisions and ther Effects. 


Can we suggest any other theory? For example, 
we might think of air as consisting not of particles 
rushing about all the time, but of particles which 
have come to rest in the vessel, with forces of repul- 
sion acting between them. If the volume were in- 
creased, the particles would be free to expand under 
these mutual repulsions. 

A theory, to be of any real use to us, must satisfy 
two tests. In the first place, it must not make use 
of any ideas which are not confirmed by experi- 
ment. Special assumptions must not be dragged in 
merely to meet some particular difficulty. In the 
second place, the theory must not only explain all 
the facts we know already, but must also enable us 





(3) 
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to foresee other facts which were not known before 
and can be tested by further experiment. 

Now we shall consider our alternative theory. 
The assumption that the particles of air repel one 
another does not even agree with all the facts we 
know already, and has quite definitely been dragged 
in here to meet a particular difficulty. For it is well 
known that air can be liquefied by cooling and 
compression. ‘That is, when the molecules of air are 
brought very close to one another, they attract one 
another and stick together. But two drops of liquid 
air should strongly repel one another, if each particle 
of the one repelled each particle of the other origi- 
nally, that 1s, when the particles were farther apart. 
The repulsion theory will not do. 

The kinetic theory, on the other hand, depends 
on something that we already know to be true, 
namely, the laws of the mechanics of moving bodies, 
in particular, the /aw of inertia and the Jaws of 
collisions. 

Most people associate the word mechanics with 
workshops and machinery. Here, however, we are 
not concerned with the mechanics of lathes and 
milling-machines, but with a branch of science 
which originated from astronomy and which deals 
with moving bodies and the laws which govern their 
motion. Unfortunately, bodies on the earth are so 
crowded together and are subject to so many un- 
controllable influences that it is dificult to observe 
the laws of motion in all their purity and simplicity. 
On the contrary, it is necessary to devise very arti- 
ficial experiments, which the reader may vaguely 
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remember from tedious physics lessons—experiments 
with pendulums (4) or apparatus for recording the 
fall of bodies, and so on. Anyone who thinks he has 
already heard enough about the laws of motion 
can omit the rest of this section—perhaps he will 
come back to it later. 

For the benefit of other readers, however, we shall 
give a brief account of the most important laws of 
mechanics. These laws have been known since the 
time of Galileo, who was the first to state the ideas 
of velocity, acceleration, mass, force, &c., clearly 
and to illustrate their meaning by examples. As our 
example we shall take the familiar game of bil- 
liards (4). 

The field where mechanics has really demon- 
strated its value is the theory of the motions of the 
heavenly bodies founded by Newton. Having stood 
the test in the heavens, it has, so to speak, been 
brought down to earth again to explain terrestrial 
phenomena. 

The first fundamental law of mechanics is the 
law of inertia, which states that every body which 1s 
free to move without interference from other bodies 
retains the motion which it already has. 

Clearly a statement like this is difficult to test by 
experiments on the earth. For how are we ever to 
isolate a body so that it is free from all outside in- 
fluences? At best we cannot get rid of gravity, the 
attracting force of the earth itself. In the case of 
the billiard ball, however, the condition is at least 
partly fulfilled. As gravity acts vertically down- 


wards, it can have no effect on the horizontal motion 
(£969) B 





(4) 





(5) 
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of the ball; and, apart from the action of the cue, 
no other forces are involved except a little friction 
and air resistance. The game of billiards, in fact, 
is just a succession of applications of the law of 
inertia. ‘The stroke gives the ball a certain velocity, 
and it goes on rolling with this velocity long after 
the completion of the stroke. The same thing is 
exemplified in any ball game, and in many other 
cases; for example, a motor-car does not stop the 
instant the engine is switched off. 

Inertia, however, is a property which can exist 
in different amounts. Suppose we replace the ivory 
billiard ball by a light ping-pong ball. A stroke 
which would make the billiard ball run slowly for 
a long distance over the green cloth gives the ping- 
pong ball a great velocity which dies away very 
rapidly, so that the ping-pong ball may even come 
to rest in a shorter time than the billiard ball. The 
property on which this difference of behaviour 
depends we call the mass of the ball. Here we are 
using the word mass in an artificial sense, as a 
measure of inertia, not, as in ordinary speech, as a 
quantity of substance. The inertia of the billiard 
ball is greater than that of the ping-pong ball; the 
heavier ball is less accelerated than the lighter ball 
when both are started from rest by equal strokes, 
but, on the other hand, the heavier ball retains its 
velocity more persistently against the frictional forces 
than the lighter ball does. 

The reader must understand quite clearly that 
‘“ heavy ’’ does not mean the same as “inert”. The 
weight of a body acts vertically downwards. If we 
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lay the two balls in succession on the pan of a 
kitchen spring-balance, they compress the spring 
by different amounts, owing to their different 
weights (6). In the stroke with the billiard cue, how- 
ever, gravity does not come in, as it has no effect 
in a horizontal direction. Here the differing results 
of equal strokes arise from the difference as regards 
persistence of motion or inertia. Weight is a measure 
of gravitational force, mass a measure of inertia. 

To determine the mass of a body we might expect 
to have to make some such experiment as the 
following. We set up an apparatus which enables 
us to give each ball an equal impetus, say a pen- 
dulum with a hammer-shaped bob which 1s always 
made to fall from the same height before hitting 
the ball (7). If we use balls of all possible kinds, 
either solid or hollow, made of lead, brass, wood, 
celluloid, &c., but all of the same size and all equally 
smooth, we find that the velocities acquired by them 
are all different. We say that a ball which 1s driven 
off at only half the velocity of another has a mass 
twice that of the latter, and so on. 

Fortunately, however, such experiments (which, 
it 1s safe to say, could not be performed very ac- 
curately) are not necessary. For there 1s a funda- 
mental theorem, due to Newton, which states that 
weight and mass are always exactly proportional to 
one another. Both weight and mass, then, must 
depend on the same inner property of the substance. 

That this theorem is true 1s proved by the fact 
that in a vacuum all bodies fall at the same rate. 
True, a heavier body 1s attracted more strongly by 





(6) 





(7) 
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the earth, but its greater inertia enables it to resist 
acceleration to an exactly corresponding extent. The 
fact that the two effects just balance one another 
can be tested very accurately by means of experi- 
ments with pendulums or similar apparatus (8). Here 
again the driving force is the weight, and the inertia 
always acts against it. It 1s found that pendulums 
of the same length with bobs of differing weight 
perform exactly the same number of oscillations in 
a given time. 

The deeper meaning of this equality of weight 
and mass did not merely escape the notice of the 
great Newton, but was unsuspected during the next 
two centuries, and has only in our own time been re- 
vealed by Einstein’s theory of gravitation. This, 
however, lies outside the scope of the present book. 

We shall always use the words weight and mass 
interchangeably. As regards units and numerical 
values, to be sure, a distinction must be made. The 
gramme (gm.) is the (scientific) unit of mass, and 
was chosen in quite an arbitrary way for practical 
reasons. The weight of this mass of 1 gm. is the 
force with which it is pulled down (accelerated) by 
gravity. As a body falling freely 1s found to acquire 
an acceleration of 981 cm. per sec. per sec., the 
weight of 1 gm. is 981 force units or dynes. That 
is, a dyne is the weight of 1/981 gm. or about 
1/1000 gm. (1 milligram (mgm.)). 

The product of the mass of a body and its velocity 
we call the momentum of the body. If one billiard 
ball collides with a second ball, part of the momentum 
of the first ball is transferred to the second: the 
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momentum is distributed in some way or other 
between the two balls, but its total amount remains 
the same. This is just another way of saying that 
the centre of gravity of the system of two balls 
continues to move on unchanged in a straight line 
both before and after the collision. We illustrate 
the collision of the balls by a drawing of a piece of 
film showing a number of successive positions of the 
balls and of their common centre of gravity (9). 

Forces like gravity, which act continuously all the 
time, may be imagined as made up of a great number 
of very small impulses. Each impulse alters the 
momentum by an imperceptible amount, but in time 
the effect becomes appreciable, and we have the law 
of motion 


Time-rate of Change of Momentum = Force. 


This is Newton’s original statement of the law; 
we shall use it later, because it 1s readily adapted to 
the modern modifications of mechanics which have 
arisen from the theory of relativity (Chapter IJ, 
p- 73). As a rule, however, the law is stated in 
another way. As momentum 1s the product of mass 
and velocity, and the time-rate of change of velocity 
is acceleration, we may write 


Mass x Acceleration = Force. 


Here we have taken it for granted that mass is a 
constant. As we shall see later (p. 72), however, 
this assumption proves false in the case of rapidly 
moving bodies. 


If we know how the force depends on the position 
(£969) B2 





(8) 
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of the body under consideration relative .to other 
bodies acting on it, we can calculate what the motion 
of the body will be. This is the root idea of Newton’s 
mechanics, by means of which he was able to cal- 
culate the orbits of the heavenly bodies. The success 
with which the astronomer can predict the positions 
of the planets is the strongest proof of the truth of 
the laws of mechanics. In applying these laws to 
the motions of gas molecules we stand on safe 
ground. Before we do this, however, we must discuss 
one other concept, that of energy. 

In everyday life this word is used in a great many 

ways, €.g. we may use it as meaning a person’s 
capacity of forming decisions and acting on them. 
In science the word is used in an artificial sense. 
Energy means capacity for doing work, expressed 
by a number. 
If we lift a weight of 1 Ib. a height of 1 ft., we 
do an amount of work which is called 1 foot-pound. 
If the lifting is done by a steam crane, a definite 
quantity of heat is used up in the boiler. This heat, 
then, is also a store of work; it is capable of doing 
a definite amount of work and is called a quantity 
of energy. At the electrical power station the heat 
energy is first transformed into an electric current; 
this brings electrical energy into our houses, which 
we pay for, just as we do for any other goods. For 
energy is a kind of property; it is indestructible, 
although 1t may change its form. 

When climbing a hill in a motor-car we make 
the engine run quickly beforehand, so that the car 
rushes forward and its momentum helps to carry it 
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up the hill. Even if the engine were throttled down 
at the beginning of the ascent, the car would climb 
a certain way by its momentum alone. A motion 
can therefore do work in raising a weight; thus it 
is a form of energy, and we speak of energy of 
motion or. kinetic energy. 

The kinetic energy of course depends on the 
velocity and the mass of the body, but it is not the 
same as the momentum. We can test this by finding 
what starting velocities must be given to different 
bodies if they are to do the same amount of work. 
If, for example, we shoot at a target in which the 
bullets remain embedded, the kinetic energy of the 
bullet is transformed into heat, and can thus be 
compared indirectly with the work done in raising 
a weight. We find that doubling the velocity of the 
bullet has just the same effect as quadrupling its 
weight: in general, the heat energy developed is 
proportional to the mass and to the square of the 
velocity. Half the product of the mass (7) and the 
square of the velocity (wv) is called the “ kinetic 
energy ”’ (E): that is, 

E = 4mv*., 


Physicists formerly considered this to be the 
simplest and most elementary form of energy, and 
attempts were made to reduce all other forms of 
energy to it by regarding them as the kinetic 
energies of hidden motions. 

In the case of heat this met with complete success, 
the result being the kinetic theory of gases, which 
we must now discuss. In the case of the other forms 
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of energy, particularly electricity and magnetism, 
such attempts have long been made, but with no 
great success. To-day the tendency is to proceed in 
the opposite direction and regard the electro- 
magnetic form of energy as the fundamental one 
and the energy of motion as derived from it. We 


shall come back to this later. 


3. The Motions of the Molecules. 


If we had a billiard table with perfectly elastic 
cushions and imagined the ideal case in which no 
extraneous retarding forces, such as friction or air 
resistance, were present, a ball once struck would 
fly on for ever in a zigzag path. If a number of 
balls were set in motion, each one of them would 
fly in a similar path, but occasionally two balls 
would collide. If the balls were pertectly elastic, 
there would then be no loss of momentum or energy 
on the whole; the balls would rebound in different 
directions, but their dance would go on unceasingly. 

This is the picture which the kinetic theory of 
gases gives us, only in three dimensions instead of 
two. The molecules are regarded as perfectly elastic 
balls, which rebound without loss of energy from 
one another and from the walls of the containing 
vessel. Once the molecules are set in motion in any 
way, their inertia prevents this motion ever coming 
to an end. 

The molecules, however, must not be thought of 
as a “‘perpetual-motion’’ machine, producing any 
amount of energy out of nothing; on the contrary, 
they really form a storehouse of energy. Their 
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tendency to fill the whole of any space offered to 
them is an obvious indication of this stored-up 
energy. If there 1s a hole in the wall of the contain- 
ing vessel, the molecules of course find their way 
through it. Again, the pressure which the gas 
exerts on the wall is just the sum of the small blows 
rained on it continually by the particles. 

We shall now actually see the dance of the 
molecules in our first “‘ film ’’. Of course this Film I 
is immensely magnified. Real molecules are far too 
small for us to see, even if there were not far too 
many of them to follow. But everyone is quite used 
to seeing countries and continents depicted on a 
very small scale 1n maps, and here we are just using 
the opposite device of representing very small 
objects on a greatly magnified scale. 

First we see the molecules flying about and 
colliding with the walls of the vessel. “Then a hand 
appears and pushes down the piston. Now the 
molecules have less room to fly about in, and each 
of them collides more often with the piston, so that 
the pressure required to reduce the volume further 
becomes greater and greater. 

At the same time we see that the molecules all 
move more and more quickly. Why? Because each 
time they hit the moving piston they get extra 
momentum and energy (from the hand pushing the 
piston down), and bounce off faster than they came. 
This might be thought of no consequence, for the 
piston could be pressed down very, very slowly. 
True, the energy transferred to the molecules at 
each collision would then be less, but, on the other 
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hand, more time would be taken to reduce the 
volume to the same extent. Hence as the eftective- 
ness of each collision falls off the number of col- 
listons rises, in the same ratio. That 1s, the average 
increase in the speed of the molecules depends on 
the reduction of volume only and not on the speed 
of the piston (the rate at which the volume is re- 
duced). 

In return for the work done in compressing the 
air, we get an increase in the velocity of the mole- 
cules, and the real significance of these molecular 
motions is now apparent. They mean heat, for, as 
we know, a compression pump becomes hot in 
working. 

The heating, not only of air or any other gas, but 
of any liquid or solid, just means that large-scale 
mechanical motions are transformed into the in- 
visible motions of the molecules. No special signi- 
ficance attaches to the word “invisible ”’. ‘The point 
of real importance is that the heat motions of the 
molecules occur “‘ at random ’’, to such an extent 
that these motions cannot altogether be reduced to 
useful ordered motions. For example, the efficiency 
of a steam-engine rarely reaches the miserable figure 
of 30 per cent. The molecules are not like a gang 
of workmen who understand orders and work to- 
gether according to plan (10); they are like a flock 
of sheep which the shepherd has some trouble in 
controlling even with the help of his dog (11). The 
engineer, who has cunningly contrived to make the 
blind and deaf molecules in their mad, senseless rush 
drive an engine, may well feel proud of himself. 


THE MOTIONS OF THE MOLECULES 15 


The restlessness of the very small parts of the 
universe, then, is a matter of very practical concern. 
Or rather, it shows us clearly what is practical and 
what is not. For it is here that human ingenuity 
breaks down. No matter how large man builds his 
machines, he can never surpass the degree of efh- 
ciency permitted by the haphazard nature of mole- 
cular motions. The best he can do 1s to account exactly 
for the energy lost. In the modern theory of heat 
this is done by statistical methods, which apply 
whenever we have to deal with a large number of 
random occurrences. These we shall now discuss. 


4. The Laws of Chance. 


How is it that chance plays a part in so exact a 
science as Physics? If we admit the influence of 
chance, we are surely denying the strict accuracy of 
the laws of nature? 

To resolve this contradiction we must consider a 
little more definitely what we mean by a law of 
nature. We need only mention a simple mechanical 
phenomenon, say the firing of a shell from a gun (12). 
The path of the shell is determined by certain laws. 
As every schoolboy knows, if the resistance of the 
air did not exist the path would be a parabola. Can 
we say, then, where the shell will fall? No, we 
must also know the direction in which the gun- 
barrel is pointing, and the velocity of the shell as 
it leaves the gun. 

These “‘ initial conditions ”, as we may call them, 
clearly have nothing to do with the “ laws of nature ”’. 
But if we are going to app/y the laws of nature we 





Pils 





(12) 
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must know the initial conditions as well. Other- 
wise we are not in a position to make any useful 
predictions. 

In our heat problem, where the same processes 
occur over and over again, we have the remarkable 
compensation that chance is itself subject to law. 
This may seem paradoxical, but there is no doubt 
whatever of its truth. If it were not so, the un- 
common achievement of “the man who broke the 
bank at Monte Carlo”’ would never have been 
commemorated in song. Many philosophers have 
racked their brains over the deeper meaning of the 
laws of chance, but they have left gamblers, in- 
surance companies, physicists, and others to apply 
these laws and satisfy themselves that they lead to 
correct conclusions. 

The physicist, then, accepts the laws of chance as 
laws of nature, although he cannot say what their 
ultimate metaphysical meaning may be. The great 
French mathematician, Henri Poincaré, has stated 
the position with typically French penetration, 
putting the words into the mouth of an eminent 
physicist: 

“* Tout le monde y croit fermement parce que 
les mathématiciens s’imaginent que c’est un fait 
d’observation et les observateurs que c’est un théo- 
réme de mathématiques.’ I] en a été longtemps 
ainsi pour le principe de la conservation de |’éner- 
pric.” * 

But, honestly, do we really know the ultimate 
meaning of other natural laws which we do regard 

* Preface to Thermodynamique, Paris, 1892. 
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as exact, such as the law of inertia or Newton’s 
celebrated law of gravitation?P 

As a matter of fact, the most recent development 
in physics, quantum mechanics (which we shall dis- 
cuss later), has shown that we must drop the idea 
of strict laws, and that a// laws of nature are really 
laws of chance, in disguise. 

Statistics are rather suspect in everyday life; the 
word calls up ideas ranging from the gambler and 
his unpleasant end to the most respectable insurance 
company. The malicious even say, “‘ You can prove 
anything by statistics ’’’. Statistics are perhaps not 
always applied in legitimate ways. Some kinds of 
business, however, depend directly on the reliability 
of statistics, e.g. life insurance. With the help of 
the theory of probability the actuary calculates the 
premiums for the various ages from tables of mor- 
tality. A mistake on his part might ruin the insurance 
company. People who insure their lives thereby 
demonstrate their faith in the correctness of the 
mortality tables and the reliability of the actuary’s 
calculations. 

The physicist who seeks to apply statistical theory 
to Ais problems is at least equally sure of his ground. 
His raw material consists not of empirical tables, 
but of simple assumptions about ‘‘ equal proba- 
bilities ’’. We all know what this means from our 
experience of dice-throwing. Each of the six faces 
of the die has an equal chance of coming on top. 
Otherwise the die is false; that is, its centre of 
gravity does not lie exactly at the centre, or else it 
deviates in some other way from the ideal form. 
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If, after careful examination, no such fault is found, 
we may expect that if a great many throws are made, 
one particular throw, say |::|, will occur in one- 
sixth of the throws. This has been confirmed by 
actual experiments with dice. 

The theory of probability tells us what we may 
expect to happen in complicated cases, e.g. the 
chance of making a particular throw when several 
dice are thrown together, or the chance of a deviation 
from the mean occurring (say the chance of throwing 
|::| not 100 times in 600, but only go times). This 
“science of ignorance ’’, like any other method of 
investigation, is justified by its results. The greater 
the number of cases considered, the more accurate 
the predictions we can make. Thus the physicist 1s 
in a very favourable position, for in physical pheno- 
mena the number of particles 1s generally enormous. 

The simplest physical case is that which we are 
particularly concerned with here, namely, a gas. 
Here we have an immense number of similar 
molecules, and we neither know, nor care very 
much, what happens to any individual molecule, but 
we do want to know all we can about the average 
properties of the molecules—for example, their 
mean density, mean velocity, and so on. 

Any one picture of Film I 1s, so to speak, a 
snapshot of the molecules, and may be thought of as 
giving an “ initial position ”. The particular appear- 
ance of the picture is thus quite “‘ accidental ’’, but 
that does not mean “ lawless ’’. For example, every- 
one will readily admit that in a series of such 
snapshots only very few will show almost all the 
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molecules 1n the right-hand half of the containing 
vessel. In an overwhelming majority of cases the 
molecules will be fairly evenly divided between the 
right-hand half of the vessel and the left-hand half. 
Now why is this? Let us think of only very few 
molecules, say four, and call them John, Edward, 
William, and George. In how many ways can they 
arrange themselves so that two of them are in the 
right-hand half of the container and two in the left- 
hand half? Clearly there are six ways, namely: 


Left. Right. 
John and Edward. William and George. 
John and William. Edward and George. 
John and George. Edward and William. 
Edward and William. John and George. 
Edward and George. John and William. 
William and George. John and Edward. 


On the other hand, there 1s only ove way of 
arranging themselves so that all four of them are in 
the right-hand half of the vessel and none in the 
left, and only four ways such that three are on the 
right and one on the left (for this one can be any 
one of the four). 

Even when there are only four molecules, the 
uniform distribution is distinctly the commonest 
arrangement, and with more molecules it becomes 
much more definitely the commonest. 

The problem of calculating the relative proba- 
bilities of the different arrangements is not very 
difficult and can be reduced to other well-known 
problems, for instance, that of tossing pennies. 
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Collect together ten pennies and throw them up. 
Each of them will come down heads or tails. Count 
up how many come down heads. Suppose it is three, 
so that three are heads and seven tails. Throw the 
whole set of coins up a large number of times, say 
500, and count up how many times out of the 500 
you get no heads and 10 tails, 1 head and g tails, 2 
heads and 8 tails, 3 heads and 7 tails, and so on to 
10 heads and no tails. Before you do the experiment, 
I will tell you the result. The numbers you will get 
if you do it 500 times are very near to these figures: 


Heads: o I 21314115 617; 81,9, 10 


Tails: 10 9/18 17{1615 4 | 3 2 1 ro) 


a ny ee en, een San Sa 


oto1] 5 | 22] 58 |103}123/)103| 58 | 22| 5 |otol 





It will be very surprising indeed if you get results 
differing from any of these figures by more than 8, 
say, at the outside. 

Now let “‘ head’’ stand for a molecule in the 
right-hand half of the vessel, and “ tail ”’ for a mole- 
cule in the left-hand half. Then the little table at 
once gives the frequency of the occurrence of the 
different molecular distributions in a set of 500 
snapshots of the ten molecules. We see that the 
distribution 5 heads, 5 tails—i.e. equal numbers of 
molecules in the two parts of the vessel—has the 
highest probability (123 out of s00) and that the 
frequency of the distribution diminishes as the dis- 
tribution becomes more and more uneven. 

The preponderance of the uniform distribution 
becomes very much more marked if the number of 
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molecules is greater. For example, if there are 100 
molecules, the number of ways we can place them 
so that 50 are on the right and 50 on the left is 
enormously greater than the number of ways we 
can place them with go on the right and 10 on 
the left; in fact it 1s some 10,000,000,000,000,000 
times as great. 

We are now on the track of a statistical law. We 
are pretty safe to bet that in any particular case 
the distribution will be nearly uniform, for this is 
so much more likely than any other arrangement. 
This 1s all the truer for a gas, owing to the immense 
number of molecules. Now we can understand why 
no one has ever been suffocated just because all the 
molecules of air happened to be in the other half of 
the room atonce. It must be conceded that a tragedy 
of this kind 1s posszb/e. But it is exceedingly rare—so 
rare that the whole history of the human race, from 
the “‘ missing link ’’ to our ultimate posterity, would 
not give sufficient time for it to happen even once. 

Yet it 1s just these rare occurrences, these devia- 
tions from the mean, that are of particular interest, 
as they prove the truth of statistical ideas; it is 
these that the physicist seeks. We shall discuss 


them later (p. 36). Meanwhile we shall confine 
ourselves to ‘‘ normal ”’’ occurrences. 


5. Lemperature and Molecular Velocity. 


As with many scientific notions, the idea of tem- 
perature arose directly from our sensations. We 
can feel that one body 1s hotter than another. Then 


we say it has a higher température. ‘This certainly 
(5 960) Cc 
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does not mean that it contains more heat. We 
may burn our tongue by taking a spoonful of hot 
tea, but can easily drink many cups which have 
cooled down a little. The heat content of the spoon- 
ful of tea is much less than that of the several cups of 
cooler tea. ‘Temperature is therefore a quality; heat 
a quantity. To detect “‘temperature”’, a ther- 
mometer 1s an improvement on our fingers. The 
simplest case 1s that of equality of temperature be- 
tween two bodies; it is clear that this does not 
depend on the scale of the thermometer used. We 
take different gases, for instance, and bring them all 
to the same temperature, using any sort of ther- 
mometer we like. Then they are ‘‘in thermal 
equilibrium ”’, that 1s, they do not exchange heat. 
What has happened to the molecules when this 
‘thermal equilibrium ”’ exists? 

A simple experiment leads us to the correct 
answer. If equal volumes of two different gases are 
at the same temperature, they have always the same 
pressure. Now the pressure is due to the rain of 
particles on the walls, and it is therefore proportional 
to the number of particles and to the square of their 
mean velocity. For if the velocity is doubled, not 
only is the effect of each collision doubled, but the 
number of collisions in a given time is also doubled, 
so that the pressure is quadrupled. 

As we have already seen (p. 13), half the product 
of the mass of a particle and the square of its velocity 
is a measure of the energy of motion of the particle 
and is called its kinetic energy. Using this expression, 
we can say that the pressure of a gas 1s proportional 
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to the mean kinetic energy of its particles. Thus we 
are led to the idea that equality of temperature of 
two gases means nothing else than equality of the 
mean kinetic energies of the molecules. This can 
be confirmed by a detailed investigation, which 
shows that two gases brought into contact or actually 
mixed together exchange energy until the mean 
kinetic energy of one kind of molecule is equal to 
the mean kinetic energy of the other kind. 

‘The natural definition of temperature, which has 
been adopted in science, is the mean kinetic energy 
of the molecules of a gas. But as this would be 
difficult to determine experimentally we prefer to 
measure the temperature by the pressure of the gas. 
‘The scale is usually chosen so that the interval be- 
tween the freezing-point and the boiling-point of 
water is 100 degrees. But what number are we to 
give to the “ice mark ’’—o”", or what number? We 
have agreed that the number representing the tem- 
perature 1s also to measure the mean kinetic energy 
of the molecules. Obviously there is an absolute zero 
of temperature, corresponding to the state where all 
the molecules are at rest and the pressure has 
dropped down to nothing. By observing the rate of 
decrease of pressure on cooling, it 1s found that the 
absolute zero lies 273° below the freezing-point, 
so that the latter point is 273°. Wecall this scale the 
absolute scale, and speak of so many degrees absolute, 
or degrees Kelvin (“K), since we owe this scale to 
Lord Kelvin. Ordinary room temperature 1s about 
290° K. What, then, is the mean velocity of the 
molecules of a gas at room temperature? This cal- 
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culation involves only some knowledge of mechanics 
and of the theory of probability. We shall spare 
the reader these calculations; no doubt he will be 
prepared to trust the mathematicians to do their 
sums correctly. It turns out that the molecules of 
the air in the room are actually tearing about at a 
mean speed equal to that of a rifle bullet—about 
1300 ft. per second! 

When the kinetic theory of gases was first sug- 
gested over a century ago, this result excited much 
surprise. It might, for example, be objected that 
we ought to smell gas instantly anywhere in the 
house if the cook happens to leave the tap of the 
gas siove on. This, unfortunately, is not what hap- 
pens, otherwise many tragedies might be prevented. 
Well, then, does not this slow spreading of the smell 
of gas contradict the statement that the molecules 
have very high speeds? There are other slow 
““ creeping ”’ motions in gases. These are all related 
to one another, and will now be explained. 


6. The Conduction of Heat. 


Have you ever thought why you cover yourself 
with blankets at night?—Because we want to keep 
warm, of course!—-But the blankets do not them- 
selves give out heat?—-Of course not, that is not 
necessary; we are ourselves a kind of portable stove. 
—Then the blankets are to prevent you losing heat, 
then? Are they poor conductors of heat?—No, they 
conduct heat better than air does; the physicists 
have proved it!—-Why do you not cover yourselves 
with air, then? That would be easier and cheaper 
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too!—-Yes, that would be all very well if the air 
would keep still. In reality, however, warm air tends 
to rise, dragging cold air after it. That is why we 
cannot keep warm without blankets. The blankets 
slow down the current of air, and along with the air 
caught between the fibres form a sort of stationary 
jelly—in this sense we do cover ourselves with a 
blanket of air, and so utilize the fact that the air is a 
bad conductor of heat. 

But how does this come about? If the molecules: 
are really rushing about with a speed of 1300 ft. per 
second, how is it that any local heating, that is, any 
increase in mean velocity at a particular place, is not 
propagated at the same high speed? 

‘The answer, as has no doubt occurred to the 
reader, is that the molecules get in one another’s 
way. We see this happening sometimes in Film I. 
Though a molecule has a high speed, it cannot go 
far without hitting another one and being deviated 
from its original direction, just like a billiard ball. 
Clearly this prevents the rapid spreading of any pecu- 
liar condition like high velocity G.e. high tempera- 
ture), and the smaller the average length of the free 
path between two successive collisions (“‘ mean free 
path ’’), the more slowly will the spreading take place. 

The mean free path depends on two things, 
namely, the number of molecules per cubic centi- 
metre, and their size. The greater the number of 
molecules, and the greater the size of each, the 
shorter is the mean free path. 

This result is important. For we see that it 1s 


possible to get information about the number and 
(2 969) c2 
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size of the molecules from the rate of propagation 
of a difference of temperature (i.e. from conductivity 
measurements) or from the rate of spreading of, say, 
coal gas through air (so-called diffusion). The 
physicists have actually done this. But a lot of 
mathematics is needed, and after all the results 
are not very exact. 

In science we do not sinave advance from the 
simple to the complicated. Often the reverse: a 
result is obtained in an extremely indirect and 
troublesome way, and later some simple and direct 
way of demonstrating it is found. 

The present-day physicist has available simple 
direct experiments for finding the velocities of 
molecules as well as their size and number. 


7. Molecular Beams. 


The physicist uses a method characteristic of the 
whole of modern physics, namely, the production of 
molecular beams. 

We shall see later that most of what we know 
about the smallest particles depends on setting them 
in rapid motion—making a “ beam ”’ of them and 
causing it to hit some other matter, and observing 
what happens. 

The practical instruments for producing mole- 
cular beams are quick-working high-vacuum pumps. 
(These pumps are themselves based on phenomena 
discovered by the help of the kinetic theory of gases, 
the most important being diffusion.) In a very high 
vacuum, the molecules fly from wall to wall of the 
containing vessel without colliding with one another. 
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If a vessel containing gas at an appreciable pressure 
is connected with a high vacuum by a tube, the 
molecules will rush through the tube and emerge as 
a well-defined beam. Then to prevent them spoiling 
the vacuum, all we have to do is to make them stick 
to the opposite wall—at the same time demonstrat- 
ing the existence of the beam. The “‘ fly-paper ”’ we 
use is simply low temperature. The wall of the 
vessel which 1s to act as a molecule-trap is kept cool, 
and it gradually collects a spot of the condensate 
of the molecules which arrived in the form of a beam. 

The fact that this experiment works is, of course, 
in itself a welcome confirmation of the kinetic 
theory of gases; it shows directly that the tendency 
of the gas to expand is really just the tendency of 
the molecules to keep on flying in straight lines 
according to the law of inertia. 

Now we can actually measure the velocity of 
molecules. One method, shown in Film II, 1s 
due to Stern, and consists ir rotating the whole 
molecular-beam apparatus rapidly. In the centre 
is the source of molecules, an electrically-heated 
platinum wire on which a layer of silver has been 
deposited. The silver particles evaporate and are shot 
off in straight lines in all directions. Most of them 
are caught on a (circular) screen placed in the centre 
of the vessel. Some, how-—:~ ever, fly through an 
opening in the screen <440.75,270-5 and form 
a molecular beam.|\ is 4 
When the apparatus 
is at rest the mole- 
cular beam gives 
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rise to a spot of silver on the outer wall, just 
opposite the opening. This spot appears in all the 
pictures of Film II. The series of pictures begins 
at the instant when the apparatus begins to rotate. 
The particles take no notice of the rotation, of course, 
but go on flying in straight lines, and accordingly 
fall on a part of the receiver farther to the left (re- 
lative to the direction of rotation), where a second 
spot is formed. From ‘the distance between the 
two spots and the velocity of the rotating receiver 
we can at once deduce the velocity of the molecules. 
The result agrees exactly with that calculated from 
the kinetic theory of gases. 

Other more refined mechanical methods have been 
used, e.g. one after the pattern of the well-known 
method for measuring the velocity of light. Two 
identical toothed wheels rotate on the same axis (13) 
(p. 29). If the wheels are at rest, a beam of molecules 
passing between two teeth on the first wheel will also 
pass between two teeth of the second wheel. If the 
wheels are made to rotate faster and faster, a molecule 
which just slipped through the first wheel will be 
caught by a tooth of the second wheel, but if the 
number of revolutions is still higher it will pass 
through the next gap. This method can be so re-" 
fined that we do not merely get the mean velocity, 
but can establish the fact that there are molecules of 
every possible velocity present and ascertain how 
many there are of each velocity. 

There will be a group of very fast molecules and 
other groups of slower velocity, down to zero. The 
law of distribution, which tells us how many mole- 
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cules there are in each group, can be calculated 
theoretically, and experiment shows that this theo- 
retical prediction 1s in good agreement with the facts. 

Further, the apparatus can be used to produce a 
molecular beam of almost uniform velocity. We 
shall make use of this later (p. 154). 


8. The Size and Number of the Molecules. 


Suppose we had a basket full of peas (14) and 
wanted to know in a big hurry how many peas there 
were. Counting would of course be much too 
laborious. 


A quicker way would be the following: 


We estimate the volume of the basket as being 
equal to a cube with the edge 6= 10 cm.; then its 
volume 1s 

V= 8 = 108 = 1000 c.c. 


If each pea were a little cube with the edge a, the 
volume of each would be a, and therefore that of 
m peas would be 


na®> = V= 1000 C.c. 


Now we spread out the peas on a table (19) so that 
they are just touching each other, and then measure 
the occupied area, A= 1600 sq. cm., say. As the 
surface of each little cube, representing a pea, is a, 
the total area is za* = A= 1600. Dyividing the 
other equation by this we get 


pour Nae eee 


Sanne my 
yy yen, 





(14) 





(15) 
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Of course the peas are more like spheres than 
cubes (16), but for the moment we can ignore this. 
We can safely assume that the calculated length 
a== 8 cm. represents, roughly, the diameter of the 
pea. The total number of peas is then obtained, 


3 
from za® = V= 63, as n= (°) = (16) 2 2)> =. 16°," 


which is about 4100. Figure (17) shows how the 
volume V is cut into 16 sheets, which when put 
together side by side give the area A. 

This illustrates the main features of the methods 
used by physicists for counting and measuring 
molecules. ‘Their method consists in first com- 
pressing a certain quantity of molecules together to 
form a solid body and measuring its volume, and 
then making the same molecules (or a known 
portion of them) form a coherent surface layer one 
molecule thick and measuring the area of this layer. 
The ratio volume/area then gives the thickness of the 
layer of molecules and hence an approximate value 
for the diameter of a molecule. Knowing this, we can 
find the volume of a molecule, and if we divide the 
total volume by this we get the number of molecules. 

The first step is easily carried out experimentally, 
for all substances become solid on cooling, and it is 
quite reasonable to suppose that their structure re- 
sembles that of a heap of tightly packed peas. 

But now we have to spread out a portion of this 
substance in such a way that the resulting layer is 
*“unimolecular ’’, and measure its area. This is not 
SO easy. 





COUNTING MOLECULES 33 


We may mention that it is actually possible 
to produce films of oil on the surface of another 
liquid which are only one molecule thick, and to 
prove that this is so. But this involves the use of 
complicated organic substances, whereas we are con- 
cerned with simple gases. 

Here we again find the method of molecular beams 
useful. We produce a beam of silver molecules in a 
vessel where there 1s a high vacuum. ‘Then the 
vacuum is destroyed by letting in a small quantity 
of the gas in which we are interested, say air. The 
beam of silver molecules 1s now weakened by 
collisions. If the air admitted is very rarefied, it will 
act as if all the molecules were in one and the same 
plane, for it will only very seldom happen that there 
are two molecules both exactly in line with the 
direction of the beam (18). A bullet fired from a gun 
among straggling trees may hit one tree and pass 
through it, but has very little chance of meeting 
another tree. We now let in, say, enough air to cut 
down the beam of silver molecules by half; if the 
cross-section of the beam has the area a (say 2 sq. 
mm.), then the area covered by the air molecules 
(if they were all laid side by side) will be 4a (or 
I sq. mm.), 

We have next to ascertain how large the granule 
of solid air consisting of these molecules would be. 
The pressure in our apparatus 1s some small fraction 
(P) of the normal atmospheric pressure. If the 
volume of the beam is 4X a c.c., it will contain 
hx ax P times as many molecules as 1 c.c. of 
ordinary air. Now it is known from special experi- 
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ments that 1 c.c. of ordinary air condenses to a 
solid granule of volume 1/2000 c.c. Therefore our 
column of air would give a granule of volume 
sto X 2X @X P. Dividing this by the area 1g, 
we find, for the diameter of the molecule, the 
approximate value d=: 





Ar 
ie. d= cm. If, for instance, k= 5 cm. and 
1006 
I 
P= ~—__—_ of the atmospheric pressure, we find 
200,000 
1000 X 200,000 40,000,000 


Now we could also calculate the number of 
molecules in a cubic centimetre of air at ordinary 
pressure. But we should have to write down so 
many noughts that the number would be quite 
unintelligible. We shall therefore introduce an 
abbreviated notation commonly used 1n physics. For 
100 we write 10%, for 1000, 10%, and so on, that is, 
IO with an upper figure (index) giving the total 
number of zeros. In the same way we write 1/10 
as 10-1, 1/100 or 1/107 as 10-*, 1/1000 or 1/108 
as 10-8, and so on. 

We may then state our result as follows: the 
diameter of an air molecule is about 1/(4 * 10%) or 


4x 10-7. As b= 025 = “3 = 2-5 x 1074, we 


may also write the number in the form 2-5 x 1078. 

The whole of molecular physics is dominated by 
this “‘order of magnitude’’ 10-8 cm., or one 
hundred-millionth of a centimetre. This magnitude 
has been given a name; we call it an Angstrom 
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unit (A.), after a Swedish scientist. A molecule of 
air, then, is about 2-5 A. across. 

We now easily obtain the number (7) of molecules 
in 1 c.c. of ordinary air. For as the volume of one 
molecule is d%, these x molecules packed together 
form a solid of volume #d?%, which, as we know, is 





e I ¢ 
c.c. ‘Cherefore 2 is ————,,. and, in- 
2000 @3% 


troducing the value of d, namely, 4 < 10-7 cm., 


we find that 


I 
equal to 
2000 


I 64 
7~—= 2000 X gg X 10-42” 2X 10-18 32 X 10". 

This fundamental number, which can also be 
written in the form 3 x 10!9%, was first determined 
by Loschmidt, and accordingly is often called 
Loschmidt’s number. 

It 1s an exceedingly large number, 3 with no less 
than 19 noughts following it! However, there is no 
sense in trembling with awe before it; rather we 
should seek to gain a clear idea of how such an 
enormous number can be determined. ‘That 1s why 
we have discussed the method in such detail above, 
for it 1s typical of all cases of the kind, which in 
future we shall deal with much more briefly. The 
essential point of the method 1s the splitting up 
of the required very large or very small number 
into factors which are themselves of moderate value 
and hence accessible to experiment. In our case we 
used the number 2000, determining the contraction 
of a gas on solidification, and the number 200,000, 
giving the fall of pressure in the molecular beam 
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apparatus. These are both numbers which we can 
easily grasp the meaning of. We can think, say, of 
peas in a row; if a pea is $ cm. across, a row of 
2000 peas would be 10 metres long, and a row of 
200,000 peas 1000 metres long. 

On the other hand, it is much more difficult to 
grasp the meaning of the number 4 X 107, which 
gives the number of molecules which when arranged 
in a row would come to 1 cm. If they were peas 
1 cm. across, say, instead of molecules, the row 


would be 200 kilometres long (125 miles), say about 


the distance from London to Birmingham! And 
a solid body of volume 1 c.c. would correspond to a 
cube full of peas with a side reaching from London 


to Birmingham! 


g. Pollen and Cigarette Smoke. 

Now are we really to believe all this, or is it just 
playing with figures? 

Scepticism is wholly justified. A single pheno- 
menon is no solid basis for a theory, nor is a single 
measurement a convincing determination of a value. 
It is essential to be able to make predictions and to 
confirm them experimentally in such a way that no 
doubt remains. This, as we shall show by means of 
a few examples, can be done in the present case. 

The most speculative assumption we have made 
is that the laws of gases are not real “‘ causal ”’ laws, 
but depend on “‘ chance’. Is there any direct proof 
of this? 

In throwing dice or playing roulette or any other 
game of chance, we can be pretty sure that in the 
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long run the chances of all the possible events are 
equal. For example, anybody would be willing to 
bet high on the chance of the throw [.-| coming up 
between 80 and 120 times in 600 throws. But no- 
body would be willing to bet so highly on the chance 
of the throw [.| turning up once and only once in 
six throws, although the probability of its turning 
up in a single throw is exactly 1/6. 

We should accordingly expect to obtain noticeable 
deviations from the gas laws also, if only we could 
reduce the number of individual ‘‘events’’, for 
example the number of collisions involved. 

Referring back to Film I, we see that in it 
only six molecules are drawn (it would have been 
too troublesome for the artist to show any more). 
In that case, however, the piston should not stay at 
rest, but should wobble up and down appreciably, 
as it is of course only supported by the impacts of 
the particles of gas. As regards this point our 
drawing is not strictly accurate. In reality the 
number of molecules is so great and their individual 
effects on the heavy piston so small that we do. not 
see it shaking. But would it not be possible to use 
tiny little light pistonsP Yes, this can actually be 
done. 

More than a hundred years ago a botanist named 
Brown, on looking down his microscope, saw that 
the minute particles which detach themselves from 
pollen when the latter is thrown into water keep 
continually moving about like a swarm of bees. 
But it was only in 1906 that Einstein and Smolu- 
chowski realized that this is a direct proof of the 
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reality of the molecular motions and of the truth 
of the statistical theory. 

Of course the particles seen under the microscope 
are not actual molecules; they are still a thousand 
or ten thousand times as large. But they are what 
we just spoke of, namely, tiny pistons. It does not 
matter whether a liquid or a gas is used. If the blue 
smoke from a cigarette is examined through the 
microscope, thousands of particles are again observed. 
These float in the air and are struck on all sides by 
the air molecules; but as the particles are very 
small, the impacts of the molecules do not exactly 
balance one another; it often happens that there are 
more impacts, say, from the right than from the left, 
and the particle is made to quiver. It moves about in 
a wildly zigzag path, following purely statistical laws. 

These laws are known; they can be used to 
calculate the number of air molecules in a cubic 
centimetre, e.g. by making a large number of 
observations of the time taken, on the average, by 
a particle in moving through a millimetre from 
right to left. ‘The result is a brilliant confirmation 
of the number we previously obtained, namely, 
3 X 1019 molecules per cubic centimetre. 

Apart from exact measurements, however, no one 
who has ever seen the swarming points of light 
under the microscope will cast any doubt on the 
truth of the kinetic theory of gases. 


10. The Blue Sky and the Red Sunset. 


On clear winter days when all the dust and soot 
have been washed out of the air by snow the sky 
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shows its own true colour, a pure clear blue. On 
high mountains, above the vapours which rise from 
forests and human settlements, it is a still more 
beautiful darker blue. The higher we rise, the less 
air do we have overhead, and the darker is the blue 
of the sky. If we could get up above the atmosphere, 
the sky, even when the sun is shining, would with- 
out doubt appear as black as it does at night. 

The sky is not the crystal sphere which the 
ancients imagined; the appearance of a blue vault 1s 
an illusion, and as there is nothing up there but air, 
the blue must be the colour of air. That is why we are 
interested in it. We want to know how a transparent 
substance like air can appear so brightly coloured. 

Bodies which do not themselves emit light can 
only be seen when they reflect light which falls on 
them. This is true of air. When rays of sunlight 
reach the atmosphere, part of the light is reflected 
by the air and reaches our eyes (19). The question 
is, why is this light so highly coloured, and why 
is it blue rather than any other colour? 

Later we shall discuss the nature of light in 
greater detail. Here we need merely recall] that it 
1s a Wave motion, and that the different wave-lengths 
correspond to different colours. ‘The longest light- 
waves (which have a wave-length of less than a 
thousandth of a millimetre) appear red to the eye. 
As the wave-length decreases we experience the 
colour sensations yellow, green, blue, and violet, in 
that order. The shortest violet waves which are still 
just visible have a wave-length about half that of 


the longest visible red waves (20). 
(8969) D 





(19) 


violet 


(20) 
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If waves of varying wave-length fall on the eye, 
we see mixed colours in all the variegated beauty 
with which Nature is adorned. Even the white of 
daylight is not a pure colour, but a mixture of 
waves of all wave-lengths. If this white light falls 
on a body, the body does not “‘ look ’’ white unless it 
reflects all the waves constituting white light uni- 
formly. If, however, the body absorbs blue and 
green, say, it will appear orange. As a rule, there- 
fore, colour in a body indicates that some light- 
waves are not absorbed by the body. 

Usually this separation of absorbed light and re- 
flected light takes place just at the surface of the 
body. This is why bodies can be ornamented by 
quite thin layers of paint. There are cases, however, 
where the separation takes place in the interior of 
the body, as in stained glass. Glass 1s in itself 
transparent to all the visible colours, and would 
therefore be “invisible ’”’ if feeble reflections from 
its surfaces or defects in its interior did not betray 
its presence. If metal in a finely divided state is 
added to the molten glass, the glass becomes 
coloured; for a separation of the light-waves takes 
place at the fine particles and the waves are more 
or less reflected. 

In the case of very small particles whose diameter 
is of the same order of magnitude as the wave- 
lengths corresponding to visible light, we can see 
at once what the colour of the deviated light will be. 
For we have all had experience of wave motion when 
sailing. People who are subject to seasickness know 
quite well that they are most likely to suffer from 
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this when the waves are about the same length as 
the boat. If the waves are much shorter they have 
but little effect; if they are much longer, they raise 
and lower the boat as a whole but do not make it 
roll or pitch. It 1s only when the bow is on a wave- 
crest and the stern in a wave-trough that a highly 
unpleasant rolling and pitching motion results (21). 
In this case, the motion of the boat will in its turn 
give rise to new waves, which travel out in circles 
round the boat. 

What we are interested in here is a fundamental 
phenomenon which the physicist calls “ scattering ” 
of the waves (22). Marked scattering occurs when 
the diameter of the body causing the scattering 1s 
about the same as the wave-length of the waves 
falling on it. This 1s true, not only for water waves, 
but also for any other kind of wave motion, whether 
of sound or light. Light of definite wave-length, 
then, is scattered most markedly by particles of a 
certain definite size. This is why glass containing 
very minute particles appears blue, while glass con- 
taining larger particles appears yellow, green, or 
red; for the small particles scatter the short-wave 
blue light more effectively than they do the light of 
longer wave-length. 

We now return from the variously coloured glasses 
to the colour of the sky, which 1s really the colour of 
the air. Its explanation, however, involves still an- 
other idea, for, as we know, the blue of the sky is 
particularly fine when the air is especially free from 
floating dust particles and water vapour. How does 
this come about? 
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The explanation is provided by the kinetic theory 
of gases. We know that the molecules are never at 
rest, and are never distributed quite uniformly. 
There will always be small regions in the gas where 
there are more than the average number of molecules, 
and other regions where there are fewer molecules 
than the average. These regions have just the same 
effect on the light-waves as foreign bodies have. 
It often happens that a street on which the sun is 
brilliantly shining down suddenly looks as if it were 
covered with water. In reality it is only the effect of 
the reflection of the light at a heated layer of air. 
The slight difference in density is sufficient to cause 
the light to be reflected. In exactly the same way, 
the advance of light through a gas 1s always subject 
to slight disturbances, and secondary spherical waves 
are therefore produced wherever the density happens 
for the moment to be above or below the average. 

If the region of momentary condensation corre- 
sponds in size to a particular wave-length, then light 
of this particular wave-length will be scattered to a 
greater extent than light of other wave-lengths. 
Now condensations of small extent will clearly be 
much commoner than condensations of greater 
extent. 

This 1s best seen 1f we fix on a very small region 
which should on the average contain just one 
molecule (23). In reality, of course, it will some- 
times contain no molecule at all, and sometimes two 
or more. Thus the density in these small regions 
will often vary by as much as 100 per cent. If, 
however, the region is so large that on the average 
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it contains 10 molecules, it will often happen that 
the actual number of molecules present is 8, 9, 11, 
or 12. But this implies a variation of only 10 to 20 
per cent in the density; a variation of density 
amounting to 100 per cent, 1.e. a doubling of the 
number of molecules present, will be an extremely 
rare occurrence. 

We now have the explanation of the blue colour 
of the sky. The short-wave blue light has a great 
many more chances of meeting with density varia- 
tions of the right size than any of the longer waves 
have. 

In the evening when the sun is setting the sky 
becomes pink, the clouds have their margins tinged 
with purple, and the sun sinks below the horizon 
as a blood-red disc. How does this colour trans- 
formation arise? It involves no new phenomenon, 
but merely arises from another aspect of scattering. 
If a sheet of glass, which when held in the hand 
looks red, is held so that we look through it at the 
sun, the sun appears greenish blue. For what we 
see then i is the original, unscattered light, from which 
the red scattered.light is missing; hence it has the 
colour “ complementary ”’ to red. 

Similarly in the sunset sky: when the sun 1s low 
we can look at it with impunity, because the rays 
then have to pass through a long layer of air and 
are much weakened by scattering (24). It 1s only 
the red light, which is complementary to the blue 
scattered light, that reaches the eye and illuminates 
the edges of the clouds. 

The blue of the sky and the red of the sunset are 


(E 969 ) D2 
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thus different aspects of the same physical process. 

In physics, methods and apparatus for measuring 
the wave-length of light have been developed; we 
shall describe these later (p. 111). If such apparatus 
is pointed to the sky, we obtain data from which the 
number and size of the molecules can be deduced 
—in excellent agreement with our previous results. 

A number of other phenomena can be used for 
the same purpose. But they are incomparably less 
poetical in their associations than the blue of heaven 
and the crimson splendours of the sunset; they 
smell of nothing but the laboratory. And as they 
do not involve any fresh principle, we need not 
trouble ourselves about them. 


11. first Subdivision of the Molecules: Atoms. 


We have counted the molecules in the air—and 
we could do the same for other gases, e.g. for the 
familiar coal-gas which we use for cooking. We 
should obtain exactly the same number of molecules 
per cubic centimetre (at normal pressure and room 
temperature). Is this number, then, really invariable? 

It is, so long as we are dealing with one definite 
gas, or else with a mixture of gases, such as is formed, 
say, 1f we let coal-gas mix with air. But if we put a 
lighted match to this mixture there is an explosion; 
a chemical change takes place, and this alters the 
number of molecules. 

Instead of coal-gas, which is itself a mixture of 
gases, we prefer to consider hydrogen, and instead of 
air we shall take one of its constituents, oxygen. 
(These can be bought separately in steel bottles.) 
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When these gases are mingled they give an extremely 
explosive mixture. If some of the mixture is made to 
explode in a strong vessel, the chief residue is found 
to be water vapour, together with certain amounts of 
unused hydrogen or oxygen, according to which was 
present in excess. It is possible to adjust the quan- 
tities so that none of either gas is left, that is, only 
pure water vapour is produced. 

Chemists have proved that in order to do this it 
is necessary to have the original gases present in 
perfectly definite proportions, namely, about 1 part 
of oxygen to 8 parts of hydrogen (by weight), these 
giving rise to 9 parts of water. We are not interested 
so much in this as in a certain physical fact. The 
resulting water vapour at 100° C., say, has by no 
means the same pressure as the original mixture of 
gases had at the same volume and temperature. The 
chemical combination has the effect of lowering the 
pressure by one-third. 

This forces us to the conclusion that the number 
of water molecules is less by a third than the total 
number of molecules of hydrogen and oxygen origin- 
ally present. For we know, of course, that the pressure 
1S simply determined by the force and number of 
the impacts of the molecules on the walls of the 
containing vessel, or, more accurately, by the kinetic 
energy of the molecules and the number of them 
per cubic centimetre. The kinetic energy, however, 
is on the average the same if the temperature is the 
same; hence if the pressure is less by one-third the 
number of molecules must be less by one-third. 

This is nothing to be surprised about. For the 
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hydrogen and oxygen have combined and formed 
water vapour. ‘The number of happily married 
couples is only half that of the total number of brides 
and bridegrooms!——But stop, this agreeable picture 
will not do, for in that case the pressure should 
have fallen by a half, not by a third. 

This third reveals that not only the molecules of 
compounds like water, but also those of gases which 
are elements, like hydrogen and OOo: consist of 
smaller particles. 

The simplest assumption is that each consists of 
two particles. These, as is well known, are called 
atoms; the atom of hydrogen is denoted by the letter 
H, that of oxygen by the letter O. For the corre- 
sponding molecules we then use the symbols H, and 
O,. We can now very easily explain the fall of pres- 
sure by a third. The molecule of water consists of 
three atoms, either H,O or O,H. In the first case 
the explosion would take place according to the 
equation 

+ O, = 2H,0O, 


which means that two hydrogen molecules meet an 
oxygen molecule; they break up and form two water 
molecules. Or perhaps the reaction is the converse 
one, 


20, Hey 20,H. 


No, this is easily disproved. For we can find out 
what pressure the hydrogen and the oxygen, required 
to make water, exert separately (of course at the same 
temperature and in similar containers); we find that 
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the pressure of the hydrogen is twice that of the 
oxygen. Thus the explosive mixture of hydrogen 
and oxygen which gives water and no other residue 
contains two molecules of hydrogen to one molecule 
of oxygen. 

This being so, and since we know the ratio by 
weight given above, namely, 8 to I, we must con- 
clude that the weight of one oxygen molecule is 
eight times that of two hydrogen molecules. ‘Thus 
an oxygen atom is sixteen times as heavy as a hydro- 
gen atom, and we say that the “‘ atomic weight ”’ of 
oxygen is 16 and the “ molecular weight ’’ of the 
hydrogen molecule is 2 and of the oxygen molecule 
32. 

This example shows how the physical theory of 
gases has a very definite bearing on chemistry, in 
that it determines the existence and relative weights 
of the atoms. Without the idea that the pressure 
directly indicates the number of molecules, this 
would be impossible. 

We must content ourselves with this single 
example. In reality, our conviction that molecules 
are built up from atoms in this way rests on the 
vast number of chemical facts which are thereby 
given a clear and satisfactory explanation. In the 
following section we shall give a summary of those 
results of chemical research which have an important 
bearing on our purposes. 


12. The *“* Mole’’ and Molecular Weight. 


If N pieces of stone, each weighing 2 Ib., weigh 
2 tons, then N pieces, each weighing 32 Ib., weigh 
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32 tons, for the piece of stone in the second case is 
sixteen times as heavy as in the first. 

The same thing is true, of course, with molecules; 
the weights of N molecules of different substances 
are proportional to the weights of the molecules, 
i.e. to the “‘ molecular weights ’’. If, then, we take 
2 gm. of a substance of molecular weight 2, and 
32 gm. of another substance of molecular weight 
32, then these quantities must contain exactly the 
same number of molecules. A quantity of any sub- 
stance equal to its molecular weight, in grammes, 
is called a mole of that substance, and we see that 
one mole of any substance contains exactly the same 
number of molecules as one mole of any other 
substance. The mole is a convenient quantity of 
matter, for if we deal in moles instead of grammes, 
we know that we are handling the same number of 
molecules of each substance. 

The actual counting of the molecules need there- 
fore only be done once for ome gas, provided the 
molecular weights are determined once and for all. 
This is done by the chemists, who establish the 
relative weights of various substances which will 
combine with 1 gm. of hydrogen atoms to form a 
saturated compound. (If such does not exist we 
take some other substance, whose behaviour is already 
known, for comparison instead of hydrogen.) For 
purely practical reasons it has, moreover, been found 
preferable to measure these molecular weights rela- 
tive not to 1 gm. of hydrogen atoms, but to 32 gm. 
of oxygen atoms, the latter substance being more con- 
venient from the chemical point of view. Now the 
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ratio of the atomic weights of oxygen and hydrogen 
is not exactly 16: I (as we said) but slightly less 
(16 : 1-008). Hence we say: relative to oxygen 
(O = 16), hydrogen (HF) has the atomic weight 1-008. 

As we shall see later (p. 255), the choice of 
oxygen as standard substance has turned out a very 
happy one. 

What is the number of molecules in a mole? This 
number 1s usually called vogadro’s number, after 
the scientist who first developed the concept of the 
mole, and its value according to the latest deter- 
minations is 6-06 < 1073. In order to get an idea 
of this colossal number, we may think of a cube 
containing this number of particles. Then along 
each edge there are 0-85 & 108 or 85 million par- 
ticles (for this number when multiplied by itself 
twice gives 6-06 < 107%). A “‘ mole of peas ’’—-yes, 
we can even speak of a mole of peas——would then 
fill a cube of edge 425 kilometres, if the peas were, 
as before, taken as 4 cm. across. 

As 6:06 < 1073 atoms of hydrogen weigh exactly 

I 
6-06 x 10% 8 
—= 1°65 x 10-% gm. This is the 


1 gm., each hydrogen atom weighs 
1O I 
6-06 1024 
number by which the atomic or molecular weight of 
a substance must be multiplied 1n order to obtain 
the actual weight of an atom or molecule of the 

substance. 
‘These are the numbers which enable us to convert 
the measures of ordinary life into those of atomic 


physics. 


or 
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13. The Periodic Table of the Elements. 


According to Chemistry, the incomprehensibly 
great number of substances of which dead and living 
matter is made up are compounds formed from a 
comparatively small number of elements. 

There are 92 different kinds of atoms—the 
elements—and all molecules are combinations of 
some of these elemental atoms. 

This analysis is one of the most wonderful 
achievements of the human mind. In essentials, it 
was complete at a time when the modern physical 
methods of atomic research did not exist or were 
still in their infancy. To separate and combine sub- 
stances only the simplest methods were used, heat- 
ing and cooling, dissolving, crystallizing, and filter- 
ing, a great part being played by personal judgment 
of such matters as look, smell, taste of the product 
aimed at. We might almost say that the utensils 
were those of a high-class cook. In addition there 
was a little physics; measurements of surface ten- 
sion, electrical conductivity, and the like. Success, 
however, was mainly due to the age-long conviction 
that matter is at bottom simple and obeys simple 
laws—a purely theoretical idea! But there is no 
quest without faith that there is something to be 
found. There is no experimenting in the absence 
of a theory. ‘The initial theory may be false, the 
desired goal unattainable. From the quest of the 
philosopher’s stone and the alchemist’s devices for 
making gold finally arose modern chemistry, which 
builds up the material universe out of 92 basic 
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‘elements ’’. Indeed, the same spiritual urge has 
led research still farther—for who is going to believe 
that there really are as many as 92 ultimate units? 
But of this we shall speak later (Chapter V, p. 231). 

In the first place, we can arrange these 92 ele- 
ments for comparison, so as to get to know their 
properties. Luckily we need not burden our 
memories too heavily. There are groups of elements 
of the same sort, which have similar chemical and 
physical properties. In the so-called pertodic table 
(p. §1) these are arranged in vertical columns. Each 
element is denoted by its own symbol, its atomic 
weight (relative to O= 16) 1s given, and also a 
number increasing from left to right, the atomic 
number. In general the order is that of increasing 
atomic weight; there are, however, a few exceptions 
(denoted by <-—) which we shall discuss in Chapter 
IV (p. 203). 

This table is itself the summary of a fundamental 
discovery (made by Lothar Meyer and Mendeléeff) 
which 1s as follows. We consider e.g. the group of 
elements lithium (Li), sodium (Na), potassium (K), 
rubidium (Rb), and caesium (Cs), which stand in 
column I. ‘They are all metals of similar physical 
and chemical properties; they are soft and readily 
combustible, they form salts of the same kind 
with chlorine or bromine, and soon. They are known 
as the alkali metals. If we pass from each of these 
elements to the next heaviest, i.e. from lithium to 
beryllium (Be), from sodium to magnesium (Mg), 
from potassium to calcium (Ca), from rubidium to 
strontium (Sr), from czsium to barium (Ba), these 
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latter elements also resemble one another in every 
respect, replace one another readily in chemical com- 
pounds, and so on. ‘They are called the alkaline 
earth metals. If we pass from the alkali metals to 
the next lightest elements, we obtain a group of 
substances, all much alike, occupying the last 
vertical column. ‘These agree in being gases and 
forming no compounds whatever—the so-called 
inert gases, helium (He), neon (Ne), argon (A), 
krypton (Kr), xenon (Xe), and radon (Rn). 

This rule can be followed out, keeping strictly to 
the order given 1n the table. We see that in essentials 
there are eight vertical columns; that ts, if we go 
up the atoms in order of increasing atomic weight 
we always come back to a related atom after eight 
steps. 

This regularity, from which the periodic table gets 
its name, only holds exactly, however, at the begin- 
ning, for the two first horizontal rows. After that 
the true period is longer (18 steps), but the order of 
the table still lets the framework of the period 8 
appear. Farther on, a number of elements appear to 
have been put in quite at random, the so-called rare 
earths, from certum (Ce) to lutectum (Lu); and at 
one or two places, as we have already said, the order 
of atomic weight has been broken into in order to 
preserve the periodic grouping according to chemi- 
cal similarity. 

The series of elements should really be wound in 
a spiral on a cylinder (25). Then we should see more 
clearly that the inert gases come before the alkali 
metals, and that the former are preceded by a vertical 
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column of related substances, the halogens (salt- 
formers), fluorine (F), chlorine (Cl), bromine (Br), 
iodine (I); these are monovalent, that is, combine 
with just one hydrogen atom, forming the acids 
HF, HCl, &c. 

Before the discovery of the periodic table the 
alchemists’ idea of the relation and transmutability 
of the elements was a beautiful dream. Now it at 
once became a research programme. Proximity 
reveals genetic relationships, just as when the 
relations of form between organisms were inter- 
preted by Darwin as meaning a succession in time, 
an evolution. The latest fashion among biologists is 
to throw doubt on the evolution theory, because we 
have “‘ no proofs ”’ of the transformation of species. 
O faithless generation! If physicists had done the 
same, they would have accepted the 92 elements 
and the periodic table as the gift of God—seeing 
that all attempts at transmutation had been in vain; 
modern atomic physics would never have arisen, and 
this book would have had to end here. But the 
genuine physicist believes obstinately in the sim- 
plicity and unity of Nature, despite any appearance 
to the contrary. Hence, for him, the periodic table 
was not a tombstone inscription, but a command to 
renew his inquiries. 


CHAPTER II 
Electrons and Ions 


1. The Qucstion of the Ultimate Atom. 


N the older atomic theory, which essentially de- 
pended on the facts of chemistry and the kinetic 
theory of gases, the word “‘ atom ’’ was used in its 
original sense of ‘“‘ the indivisible ’’. ‘The atoms 
were regarded as little elastic balls, like billiard 
balis, each provided with a few little hooks (the 
““ valencies ’’ of the chemists), by means of which 
they could be linked to one another; and there were 
about go different kinds of them, out of which 
all substances were believed to be built up. But 
the material world is not so simple as this. Phe- 
nomena exist which do not fit into this scheme. 
For instance, it gives us no clue to the relation 
between light and matter. Light is emitted by 
glowing or burning bodies, absorbed by other bodies, 
transmitted by others more or less according to its 
wave-length, its velocity being altered in the process, 
and soon. Then there are the electrical and magnetic 
phenomena, also closely related to material bodies, 
and left quite out in the cold. 


If all these phenomena are to be explained by so 
(CE 969) 55 E 
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simple an atomic theory, each little ball must be 
provided with many attributes. The balls can, how- 
ever, differ only in their size, weight, and perhaps 
elastic properties. These differences do not give us 
anything like enough scope to explain the host of 
optical and electrical effects, to say nothing of the 
chemical properties that we must account for. We 
must therefore break the atom in pieces or dissect 
it. This is always the most effective way of finding 
out what a thing is made of. If we can succeed in 
doing so, we may hope that the connexion between 
the atoms, revealed in the periodic table of the 
elements, will also become intelligible. 

When we dissect living tissue, we find an elemen- 
tal living unit, the cell. Is there also an elemental 
unit, of which all atoms are built up, an ultimate 
atom? 

More than a hundred years ago a physician named 
Prout asserted that the atom of hydrogen was this 
ultimate atom. If this were so, the weights of all 
atoms should be exact multiples of the weight of a 
hydrogen atom. In the first place, this is simply 
not true, as was proved by accurate experiments 
later, and as 1s shown by a glance at our table (p. 51). 
In the second place, the hydrogen atom is no more 
“simple ”’ than any other atom, for it reacts to light, 
electricity, and magnetism in a complicated way, 
and can itself emit and absorb light of all colours. 
Thus there seems to be nothing in Prout’s hypo- 
thesis; but we shall see that later it got a fresh lease 
of life in an altered form. 

The ultimate atom, then, must be sought for 
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elsewhere. Some fifty years ago it was believed to 
have been found in the realm of electrical phe- 
nomena, in the atom of electricity or electron. 
Strictly speaking, however, this was no good either. 
The electron, it is true, is a kind of ultimate atom, 
but the 92 different atoms of matter cannot be ex- 
plained merely by sticking electrons together. The 
problem is much more complicated: there are, as 
we shall see later (Chap. V), several other kinds of 
particle which contend for the honour of being the 
ultimate atom. In our dissection of the atom, there- 
fore, we must go slowly, otherwise we shall do 
damage, like an anatomy student who makes too big 
a cut and destroys important organs. Just as he 
begins at the skin and removes layer after layer, we 
must proceed from the outside to the inside of the 
atom. We find that the outer shell of the atom is 
actually built up of atoms of electricity or electrons, 
and we shall describe how this has been established. 


2. Llectrolytic Conduction. 


Before going on with our story it will be necessary 
to recall a few facts about electricity and magnetism. 
Everyone nowadays knows quite a Jot about elec- 
tricity, for he 1s using it in his house; he probably 
has a wireless set, possibly he owns a dynamo—he 
certainly does if he owns a car—and he can probably 
talk intelligently about volts, amperes, resistances, 
inductances, valves, triodes, and so on. We will 
begin, then, with something that practically every- 
one has seen and a great many people have actually 
handled and looked after, namely, an ordinary 
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wireless ‘‘ low-tension ” accumulator, as it is called. 
This is a small celluloid cell containing an arrange- 
ment of lead plates in a dilute solution of sulphuric 
acid. When fully charged it will give us a supply 
of electricity at a tension which the garage man 
describes as 2 volts. 

The accumulator has two terminals, one marked 
red and the other marked black. The reason for 
this distinction in marking is to ensure that two 
or more accumulators are connected together in the 
right way. If we connect the two red terminals 
together with a copper wire and the two black 
terminals together with another copper wire, not 
much happens, but if we connect the red terminal of 
one to the black terminal of the other and vice versa, 
we shall certainly get a very bright spark when we 
complete the circuit, and, if we succeed in com- 
pleting it without burning our fingers, we shall 
probably either melt the wire or, if we are not 
fortunate enough to do this, we shall ruin the two 
cells. What happens is very simple to understand. 
The meaning of the red and black terminals is that 
when we connect the red terminal to the black 
terminal by a wire, positive electricity will flow in 
the wire from the red terminal to the black terminal 
or (what comes to the same thing) negative elec- 
tricity will flow from the black terminal to the 
red terminal, that is, in the reverse direction. If, on 
the other hand, we connect red to red, there is no 
tendency for electricity to flow in the wire. 

Here we have supposed that there are two sorts 
of electricity; one sort we have called “ positive ”’ 
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and the other “ negative ’’. These two sorts of 
electricity are known to exist, as can be proved 
by the experiments we have all seen at school— 
experiments that are made with glass rods, silk 
rubbers, catskins, pieces of resin, and all the rest 
of it, which we shall not recall here. They are given 
the names “ positive ’’ and “‘ negative ”’ as a matter 
of convenience, to indicate that their properties are 
rather like those of positive and negative numbers. 
For instance, positive electricity repels positive elec- 
tricity, negative electricity repels negative electricity, 
but positive electricity attracts negative electricity. 
This reminds us of our old rule in algebra: ‘‘ Like 
signs plus, unlike signs minus ”’, and this is, in fact, 
the very reason why the signs “* plus ”’ and “‘ minus ”’ 
are given to the two sorts of electricity, and why one 
is called positive and the other negative. Plus 5 
and minus 5 added together come to nothing. In 
much the same way, a piece of matter to which we 
give 5 units of positive electricity and then 5 units 
of negative electricity shows no electrification at all. 
The one charge has wiped out the other, so far as 
outside effects are concerned. We say that the piece 
of matter 1s electrically “* neutral ’’. 

If now we connect a piece of electrical apparatus 
across the red and black terminals of our accumu- 
lator, a current of electricity will flow, and this 
current produces several very well-known effects. 
For example, we all know that it will make a wire 
red-hot and so give us light; it will make powerful 
magnets out of pieces of soft iron, and so we have 


electric motors. But the current will do another 
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thing that is possibly not so well known, although 
very widely used in industry; it will decompose 
solutions of chemicals. The reader can very easily 
prove this for himself with his 2-volt accumulator. 
If he gets a jam-jar and half fills it with water into 
which he has put a pinch of salt, and then puts two 
metai rods into the solution, but not, of course, 
touching one another, he can connect this little 
apparatus (26) by copper wires to the red and black 
terminals of the accumulator. If he does this 
he will see that gases immediately begin to bubble 
off the two rods. The rods are called electrodes, from 
the Greek words e/ectron, amber, and hodos, a path. 
The rod through which the positive current enters is 
called the anode (Greek ana, up), the other the 
cathode (kata, down). Gases, then, are seen to bubble 
off at the electrodes, and if the gases that come off 
each electrode are collected separately one 1s found to 
be hydrogen and the other oxygen, which we know, 
from chemistry, to be the constituents of water. 
Consequently our electric current has decomposed 
water for us. ; 

‘The current will also decompose other substances. 
For instance, 1f we put into a Jam-jar a weak solution 
of a blue substance called copper sulphate, and use 
two copper electrodes, we shall find that within a 
few minutes one of the electrodes has got a very 
definite coating of bright new copper on it, and the 
other electrode shows signs of having been nibbled 
at. If the two electrodes were carefully weighed it 
would be found that one had got heavier by the same 
amount as the other had got lighter, so that the 
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electric current has simply conveyed copper from 
one electrode, where it has nibbled it off, to the 
other electrode, where it has deposited it. This 
copper has been handed from one electrode to the 
other through the solution of copper sulphate. The 
process 1s called ‘‘ electrolysis’, and is the method 
used extensively in industry to prepare pure metals. 
It is also used 1n electroplating. 

Now the point that 1s of special interest to us is 
the actual mechanism by which the current is passed 
through this solution of copper sulphate. In the 
first place, 1t may be said that if absolutely pure 
water is used the current will not pass at all; we 
say that the “ resistance ”’ of the solution is infinite. 
In order that the solution shall conduct the current 
at all, it must have some chemical substance dis- 
solved in it. In one of the cases we mentioned 
above it was a pinch of salt, and in the other case it 
was copper sulphate. In neither case did the material 
collecting at the electrodes come from the added 
chemical substance. In the case of the copper sul- 
phate, the copper that was added to one electrode 
had been nibbled off the other. It did not come out 
of the copper sulphate solution, for if it had the 
copper sulphate solution would be very much 
weaker at the end of the experiment than it was at 
the beginning, whereas its strength is the same, as 
chemists can prove. 

By careful experiment with copper sulphate solu- 
tion it has been shown that the longer we keep 
the current on, the greater the amount of copper that 
is deposited. Ifa current of water is running along 
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a pipe at a fixed speed, twice as much water runs 
along in two hours as in one hour. In just the same 
way, if the current in an electric circuit does not 
alter we send twice as much electricity round the 
circuit in two hours as in one hour. But we also 
deposit twice as much copper in two hours as in one 
hour. Consequently, it is clear that the amount of 
copper we deposit is simply proportional to the 
amount of electricity that goes through the cell. 
This electricity has somehow to be handed 
through the cell from one electrode to the other. 
If one pound of copper takes part in handing one 
unit of electricity through the cell, we know, by 
the experiment just referred to, that two pounds of 
copper take part in handing two units of electricity 
through the cell. Now two pounds of copper contain 
Just twice as many atoms of copper as one pound 
does. Is it not obvious, then, that the electricity 
must be handed through the cell in some way by 
the atoms of copper, so that one atom of copper 
carries along with it a perfectly definite guantiry of 
electricity, neither more nor less? Or, in other words, 
does it not mean that there must be an atom of elec- 
tricity? Otherwise each atom of copper might carry 
one sackful of electricity, as it were, but the sacks 
might not contain the same amount of electricity. 
‘Then there would be no necessary connexion between 
the number of atoms of copper deposited on one of 
the electrodes and the amount of electricity carried 
through the cell. The conclusion seems te be plain: 
each atom of copper, in passing through the solu- 
tion and being deposited on one of the electrodes, 
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carries with it 1, 2, 3, or whatever the number may 
be, of definite and indivisible atoms of electricity. 
It does not matter in the least if each copper atom 
carries two atoms of electricity——provided they all 
do the same thing—for so long as they all carry 
the same quantity of electricity, the number of 
carriers (atoms of copper) must be proportional to 
the amount of electricity carried. 

This view has been worked out in detail and is 
found to account for all known facts of electrolysis 
and electrolytic conduction. We find that each 
atom of copper, silver, aluminium, or whatever 
the metal may be, carries a definite number of 
atoms of electricity. For example, a copper atom 
carries twice as many atoms of electricity as a 
hydrogen atom. So twice as many hydrogen atoms 
as copper atoms would be needed to carry the 
same amount of electricity. No material is known 
that needs more atoms to carry a given quantity of 
electricity than hydrogen does; we therefore con- 
clude that hydrogen carries one atom of electricity. 
Here, then, we have a clear demonstration of the 
existence of atoms of electricity. 

The charged atoms (or molecules) are called zoms 
(Greek, wanderers). ‘There are monovalent, divalent, 
&c., 10ns, corresponding to the number of atoms of 
electricity they carry. 

The amount of electricity carried by 1 gm. of 
hydrogen is called ove faraday, after the name of the 
great physicist who discovered the laws of electro- 
lysis. One faraday is the charge of the hydrogen ion 
per unit mass, or the specific charge of the hydrogen 
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ion. As the number of atoms in 1 gm. of hydrogen 
is just I mole, i.e. 6 X 10%, the same amount, that 
is, 1 faraday, of electricity 1s carried by 1 mole of 
‘any monovalent ton. 

Of course scientists were not satisfied with this 
one set of conclusions, but tested the ionic hypo- 
thesis by a vast number of results. The theory of 
electrolytes is a whole science in itself; it deals 
with questions of how the resistance of the 
solution varies with the strength of the solution, 
the nature of the solution, and so on, and how all 
this is related to the other physical and chemical 
properties of the substances, and how the process is 
affected by temperature. But this study would lead 
us too far afield. It does not tell us anything new 
about what we are chiefly interested in, the atom of 
electricity. For we do not yet even know whether 
there are really two kinds of electrical atoms, positive 
and negative, or only one kind; in the latter case an 
ion of the other kind would be formed from a 
neutral atom, not by adding an atom of electricity 


but by taking one away. 
How can we find out more about this? 


3. Cathode Rays. 

Attempts had to be made to set the atom of 
electricity free and investigate it when detached from 
ordinary atoms. This was done in the researches 
of several physicists, e.g. Plicker, Hittorf, and 
‘Thomson, from the middle of last century onwards, 
on the conduction of electricity through rarefied 
gases. Long before this the Geissler tubes were 
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known. ‘These tubes are filled with rarefied gas and 
light up with beautifully varied colours when an 
electric current 1s passed through them. A very 
complicated process goes on in the tube, a chaotic 
dance of charged atoms, which we learnt to control 
only by degrees. That we can now do this can be 
seen any day from the many-coloured electric signs 
used for advertising. 

‘Though this process is of great importance, it 
is of more interest to the physicist to consider 
simpler phenomena. One way of advance consists 
in rarefying the gas in the tube more and more by 
pumping it out. Then the light becomes feebler and 
finally vanishes altogether. Nevertheless, a feeble 
current is still passing through the tube. And if we 
watch carefully we see something new: the part of 
the glass wall opposite one of the two electrodes (27) 
begins to shine with a green light! We said ‘‘one 
of the two electrodes ’’. Looking more closely, we 
find that it is the cathode, the place where the positive 
current leaves the tube, i.e. which is negatively 
charged relative to the anode. 

What is going on in the tube’P Previously, when 
the gas was denser and the electricity ‘** flowed ”’ 
through the tube, we could see a luminous thread 
passing from anode to cathode. Now, at the lower 
pressures, something different happens: a ray-like 
effect comes from the cathode only. If small obstacles 
such as plates or wires are put into the tube, we 
clearly see their shadows in the green light on the 
glass wall. The radiation accordingly travels in 
straight lines; it is known as cathode rays. What 





(27) 
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does it consist of? Is it a kind of light, that 1s, 
according to the usual idea, a wave motion? Or 1s 
it a rain of particles? 

Gradually physicists became convinced that it 
was the latter. Above all, cathode rays carry elec- 
tricity, negative electricity. This is indeed obvious 
from the fact that they fly out from the negative 
cathode (negative electricity of course repels other 
negative electricity); but the (negative) charge of 
the rays was also proved directly by catching 
them. 

The physicists then tried to accelerate the rays, 
to retard them, or to deviate them from their paths. 
With these charged rays, this can be done much 
more easily than with the neutral molecular rays of 
which we spoke in Chapter I (p. 28). With mole- 
cules we have, in a sense, no point of attack, for, 
owing to the great velocity of the particles, gravity 
is not effective in deflecting them. Hence we had 
to produce an apparent deviation by rotating the 
beam apparatus. Electrically charged particles, 
however, are readily affected by electric and mag- 
netic forces. There are numerous experimental 
methods of doing this. The details do not interest 
us. We only need to be clear about the principle. 


4. Electric and Magnetic Deflection. 


If we connect two parallel metal plates to the 
poles of a battery or of the lighting circuit (provided 
that this is direct current), one of the plates becomes 
positively charged, the other negatively (28). A small 
charged sphere brought between them will then be 





(28) 
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attracted by the plate which has the charge of the 


sign opposite to its own, and with the same force, 
no matter where it is between the plates. We say 
that between the plates there is a constant e/ectric 
field. 

In this field the charged sphere falls just as a 
stone falls in the “‘ gravitational field ”’ of the earth, 
and if the little sphere is shot in from one side it will 
describe a parabola (29). There is, however, an 
essential difference between the two cases. We know 
that all bodies fall at the same rate—at least in a 
vacuum, where there is no air resistance. This is due 
to the fact that although a heavier body, owing to its 
inertia, resists deviation from its straight path more 
than a lighter body does, it is attracted more strongly 
by gravity, in the same ratio. 

If, however, the force acting on the sphere is not 
gravity but the electric field, the state of affairs is 
different. The inertia or tendency to retain a 
straight path is determined by the weight (or better, 
the mass); but the deflecting force depends on the 
charge and is quite independent of the mass. If 
the electric force is increased, the body (i.e. the 
mass) remaining the same, the deflection is increased. 
Hence the curvature of the parabola, i.e. the amount 
of the final deflection, depends on the ratio of the 
charge and the mass, which is the quantity which 
on p. 63 we called the “ specific charge ”’, in con- 
nexion with electrolytic ions. 

Again, similar considerations apply if we shoot a 
charged body through a constant magnetic field, 
such as that which exists between the two poles (30) 








(30) 
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of an electromagnet. Of course the magnetic field 
acts on the path of the particle in quite a different 
way. An electrically charged particle at rest is 
subject to no force at all in a magnetic field. If 
the particle is moving, the magnetic field does not 
exert a force along its “‘ lines of force ’’ from pole to 
pole, but in a direction which is at right angles to 
them and also at right angles to the direction of 
motion of the particle (31). If the particle’s flight 1s 
at right angles to the lines of force, it describes an 
arc of a circle (32). The curvature of this circle is 
again proportional to the specific charge. 

The electric deflection and the magnetic deflection 
depend on the velocity in quite different ways. In 
the electrical case the deflection is inversely pro- 
portional to the square of the velocity, in the 
magnetic case to the velocity itself. Hence by com- 
bining the two types of deflection it is possible to 
separate the effect of the velocity from that of the 
specific charge and to determine each separately. 


5. The Specific Charge of the Electron. 


To state the actual numerical results of these 
experiments is of no great use except to those who 
are well acquainted with electrical units. We must 
already know some other quantity of the same kind 
if we are to judge whether a newly obtained number 
is large, small, normal, or abnormal. 

Now in our case we have a comparison unit 
available, namely, the specific charge of electro- 
lytic ions, in particular that of the (monovalent) 


hydrogen ion (one faraday; cf. p. 63). 
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When this number was compared with the 
specific charge of cathode rays as measured by 
deflection experiments, it was found that the latter 
is 1840 times as great—at least for sufficiently slow 
rays. (We shall discuss later what happens with 
faster rays.) Considering this from the point of 
view of the atom of electricity, we assume that the 
charge of the cathode-ray particle is the same as that 
of the monovalent electrolytic ion, but that its mass 
is 1840 times as small; for this makes the ratio 
oe = just 1840 times as great. 
mass 

This is so far satisfactcry; for an ultimate atom 
must be lighter than all the atoms of matter which 
are to be constructed from it. Still, it 1s surpris- 
ingly light. Do 1840 of these “ electrons ” (as they 
were called) make up a hydrogen atom? No, the 
matter cannot be so simple as this, for the electrons 
are all negative, but the atom is neutral. Where 
does the positive electricity come from? 

Before we relate how this was traced to the 
deepest recesses of the atom, we have still a good 
deal to say about electrons. 

By applying a high electrical tension, the cathode 
rays can be accelerated. Later it was found that rays 
of the same sort occur among the radiations emitted 
by radium and other radioactive substances (p. 235). 
They are called B-rays and behave in every respect 
like fast cathode rays. Now if we measure not only 
the specific charge of the particles but also their 
velocity, we find that the specific charge decreases as 
the velocity increases. It is extremely improbable that 


MAGNETIC FIELD 
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70 ELECTRONS AND IONS 


the charge itself should alter with the velocity 
Hence there seems nothing for it but to assum 
that the mass—1i.e. the resistance to acceleration— 
increases as the velocity increases: a very interestin; 
result indeed, if true! 

How can the mass of a body increase as we giv 
it a greater and greater velocity? The reader will a 
once think, “ Most likely the body is not alone, bu: 
has, attached to it, other unsuspected structures, sc 
that if we drive it on faster, it must carry more and 
more of these structures with it.”’ 

Suppose you are trying to pull your motor-car 
out of the garage by hand. You put the engine out 
of gear, of course, otherwise you must pull much 
harder. The engine begins turning and you have to 
overcome the inertia and the friction of its parts. 
Of course you know that, but a negro from Central 
Africa unacquainted with the hidden interior of the 
car would be astonished—yjust as physicists were at 
the increase of resistance when electrons were 
accelerated to high velocities. 

‘The physicist, however, looks deeply into Nature 
with the eye of his imagination; so he soon found 
out the hidden machinery, namely, the magnetic 
field produced when the motion begins. 

Everybody knows the experiment with iron fil- 
ings. A piece of paper is laid on top of a bar magnet 
and iron filings are scattered on it. ‘Then these 
arrange themselves in lines running from pole to 
pole of the magnet, the so-called lines of force (33). 
These show how the magnetic force is distributed 
in direction and magnitude; where they run close 
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together, the force 1s strong; where they are far 
apart, the force is weak. 

Now we imagine that the magnet is taken 
away, a hole is bored in the paper and a wire, 
through which we send an electric current, is stuck 
through. 

If we again scatter iron filings on the paper, we 
obtain circular lines of magnetic force encircling 
the wire (34). This is the great discovery made by 
Oersted: every electric current 1s accompanied by 
a magnetic field (35). 

This magnetic field represents a storing up of 
energy. If the current is increased, more magnetic 
energy is stored up, which must be supplied by the 
source of the current. True, this energy is not turned 
into heat, as by the resistance of the wire; still, it has 
to come from somewhere. Hence it looks as if there 
were a resistance to change of current. With a 
straight wire this effect is trifling; but if the wire 
is wound into a coil, so that every turn passes 
through the magnetic lines of force of the neigh- 
bouring turns, a powerful resistance to any change 
of current is produced, a so-called inductance. 
Anyone who has a wireless set is familiar with 
these inductance coils, which in a certain sense 
increase the inertia of the current, that is, its ten- 
dency to retain its strength unaltered. 

Exactly the same thing happens when an electri- 
cally charged sphere moves. This moving charge, of 
course, 1s itself a sort of electric current, and 1s sur- 
rounded by magnetic lines of force (36). If the 


motion is uniform, the lines of force simply go with 
(8 969) 
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it. If, however, the velocity is increased or dimin- 
ished, the magnetic field is increased or diminished, 
and this gives rise to an additional expenditure of 
force—yjust like putting in the clutch in the motor- 
car. It seems as if the sphere simply becomes 
heavier. In the case of a sphere which is not electri- 
cally charged this does not occur. Thus we have an 
apparent additional mass, which we shall cal] the 
electromagnetic mass. ‘The main point is that this - 
additional mass must actually increase as the velocity 
increases—as 1s observed in the case of fast cathode 
rays and f-rays. 

The minuteness of the mass of the electron now 
led to the bold idea that a// the mass of the electron 
just consists of this electromagnetic resistance to 
acceleration, and physicists spoke of purely electro- 
magnetic mass! If, then, all atoms are constructed 
from electrons, we should have to assume that mass 
is always and everywhere an electromagnetic phe- 
nomenon, a sort of inductance. ‘This, of course, 
would be an unheard-of simplification of the laws 
of Nature—but just the reverse of what the older 
physicists aimed at. They regarded mechanics as 
the fundamental science and sought to explain 
electrical and magnetic phenomena in a mechanical 
way, by means of invisible mechanism. Now we 
want to reduce the fundamental phenomenon of 
mechanics, inertial resistance, to electromagnetic 
laws. 

Unfortunately things did not turn out so simply. 
The law of the change of mass with velocity deduced 
from this theory did not agree with observation; 
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besides, the theory was not complete—how, for 
example, do electron-spheres have their charges dis- 
tributed? Are they on the surface, distributed uni- 
formly through the interior, or how? ‘The smaller 
the radius of the sphere, the greater does the electro- 
magnetic mass become; thus the electron cannot 
be assumed to be a point, otherwise its mass would 
become infinitely great. 

These difficulties led to the whole idea being 
given up when Einstein’s theory of relativity showed 
a way of explaining the variability of mass without 
any special hypothesis. We must discuss this in 
greater detail. 


6. Some Remarks about Relativity. 


A friend of mine was once at a dinner-party and 
the lady next to him said: ‘* Professor, do tell me 
in a few words what this theory of relativity really is.”’ 
He replied: ‘* Of course I will—provided you will 
let me tell you this little story first. I was going for 
a walk with a French friend and we got thirsty. By 
and by we came to a farm and I said: ‘ Let’s buy 
a glass of milk here.’ ‘ What’s milk?’ * Oh, you 
don’t know what milk ise It’s the white liquid 
that 7 “What’s whiter’ ‘ White? you don’t 
know what that 1§ either? Well, the swan : 
*‘ What’s swanr”’ ‘* Swan, the big bird with the bent 
neck.’ * What’s bentr’ *‘ Bent? Good heavens, don’t 
you know that? Here, look at my arm: when I 
put it so, it’s bent!’ ‘ Oh, that’s bent, 1s it? Now 
I know what milk 1s!’ ’”’ Perhaps, like the lady, you 


do not want to hear any more about relativity. I 
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have, indeed, no intention of explaining that preat 
theory to you here. I have already done so in a 
book you will find easy to understand. Here we 
are merely concerned with some of its results, which 
are of fundamental importance in connexion with 
atomic theory. 

As those who go on cruises know, we can play 
ball games on board a liner just as on terra firma. 
This is what is meant by the mechanical principle 
of relativity, which goes back to Galileo and Newton. 
In abstract language it is as follows: 

Mechanical processes, i.e. motions of all kinds, 
which take place in a room, say the so-called “ frame 
of reference ’’, moving with uniform velocity in a 
straight line, go on exactly as they would in a room 
at rest. Really we are not entitled to speak of the 
latter as “‘ at rest’’, for as seen by people in other 
rooms, i.e. relative to other “‘ bodies ”’, it is moving 
in the reverse direction, and it is impossible to tell 
(at least by mechanical means) which room is at rest. 
Relative to different frames of reference the laws of 
motion are the same, provided these frames of 
reference are moving uniformly in straight lines 
relative to one another. (The case 1s altered whenever 
accelerations, deviations from a straight course, or 
rotations occur: but we are not concerned with 
these at the moment.) 

So far everything is in order and easy to under- 
stand. But of course there are other physical phe- 
nomena besides mechanical motions; for example, 
light, heat, electricity, and magnetism. We shall 
chiefly discuss light. Light does not take much 
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notice of material bodies. Once produced, it travels 
on through empty space from star to star. 

Now light behaves like a vibration—we shall have 
much more to say about this later (p. 106). Where 
something is vibrating, there must, it is generally 
believed, be something to vibrate. Thus we are led 
to assume that even in so-called empty space there is 
something, the ether, whose vibrations are what we 
call “ light ’’, and which, moreover, has the further 
duties of being responsible for the orderly behaviour 
of electric and magnetic phenomena. (We may 
remark in passing that light is an electromagnetic 
process.) 

So it looks as if our principle that relative 
motions do not affect mechanical processes is in- 
correct. For the ether is obviously a body anchored 
in space, which can be said to be absolutely at 
rest. 

‘The earth, however, 1s not at rest; it is moving 
at a rate of over 18 mules per second round the sun. 
It travels through the sea of ether in the same way 
as an aeroplane does through the air. Just as the 
aeroplane passengers observe a strong head-wind, 
so there must be an ether wind blowing past the 
earth. ‘This is an important conclusion, for it can 
be tested experimentally! 

The light-waves on the earth must be blown about 
by the ether wind. According as they travel with 
or against the direction of the ether wind, or at right 
angles to it, their velocity will be different. The 
effect is only a very minute one, for light travels 


about 10,000 times as fast as the earth travels round 
(zm 969) F2 
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the sun. But first Michelson and then several others 
succeeded in raising the accuracy of measurement 
so high that less than a hundredth part of the effect 
should have been capable of detection. 

Yet not a trace of it was found! Almost all 
physicists now agree on this point. 

This, however, means that the principle of rela- 
tivity applies to light also. The same could also be 
proved in the case of other electromagnetic phe- 
nomena. 

This is really very astonishing. For the ether, 
which of course we could not do without (as the 
subject of the verb “‘ to vibrate ’’), cannot be any 
substance of the kind with which we are familiar. 
Why should it be, anyway? ‘* There are more 
things in heaven and earth... ,’’ as Shakespeare 
said long ago. 

The simplest explanation of the matter 1s obtained 
if (following Lorentz and Fitzgerald) we assume 
that the ether wind does not merely blow the light- 
waves away, but acts on all bodies. We have only 
to assume that all lengths are slightly contracted in 
the direction of motion; this just compensates the 
effect on the velocity of light. 

At first glance, however, this ‘“ Lorentz-Fitz- 
gerald contraction ’’ is rather arbitrary. ‘The state of 
affairs demanded a detailed examination, and this 
was carried out by Einstein. He considered two 
systems moving relatively to one another, say two 
planets, like the earth and Mars. On each of them 
physicists are supposed to be sitting in laboratories 
making similar experiments on light and other 
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phenomena. If there is no communication between 
them, they will have different units of length and 
time. But if receiving apparatus is so far developed 
on Mars that the Mars people can listen to the 
wireless stations on the earth, then they will hear the 
time signals. They will compare them with their own 
clocks, but, being well-trained astronomers, they will 
know that, in order to get simultaneity with the clocks 
on the earth they must take account of the time which 
the Hertzian waves take to travel from the earth to 
Mars. These waves travel with the speed of light, 
and as the distance between the two planets is known, 
this time difference can be calculated. 

The Mars physicists will nevertheless be firmly 
convinced that their own time system is correct 
and that they know what they mean when they say 
that “two clocks at different positions on Mars 
indicate the same moment ”’; just as physicists on 
the earth believed they knew what they meant when 
they said “two events in London and New York 
are simultaneous ’’—until Einstein told them that 
they did not. 

How can we know whether two events at different 
places on a planet are simultaneous? The best 
method, of course, is to use wireless time signals 
again. But then the velocity of the wave-signal 
comes in, and this depends on the accuracy with 
which times and lengths can be measured. Einstein 
showed how simultaneity can be defined without any 
knowledge about the wave velocity, except that it 1s 
the same in all directions. He simply assumed shree 
stations instead of two, namely, A in New York, 
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B in London, and C on a boat exactly midway 
between A and B. ‘Then from C we send out a 
light signal in both directions at once; when it 
reaches A and B, we set the clocks there to the 
same time. In (37), p. 77, this time comparison 1s 
illustrated in a film. In the lowest picture we see the 
stations A, C, B; in the next, the two light-signals 
have been sent off and can be seen on either side of 
C. In the next picture they have travelled farther, 
and soon. The uppermost picture shows the arrival 
of the signal when the clocks in A and B are both 
set at, say, one o'clock. 

Now the Mars astronomers have excellent tele- 
scopes and they can see the clocks in New York 
and in London! Will they agree that the two clocks 
are showing the same time? No, they will not. 
Figure (38) opposite shows the reason for this. It 1s 
also a film, only simplified. It again shows the 
stations A, B, C, but as they look from Mars. They 
are moving relatively to Mars, i.e. they are displaced 
in passing from one film picture to the next. Now 
the Mars physicists can construct the signal sent out 
in both directions in their film. Of course they have 
had their Michelson, though his name was different, 
but—this is the crux of the matter—he had 
made experiments which show that light o” Mars 
travels in all directions with equal speed. ‘That 
means that on the Mars film of the comparison of 
clocks on the earth, the two signals are travelling 
with equal speed to the left and to the right. But 
the left-hand station A is approaching the middle 
of the film, the right-hand station B is flying from 
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it. Therefore the left signal reaches A earlier than 
the other reaches B. 

Now the Mars astronomers will declare that they 
cannot understand why the earth people have set 
the clocks at A and B in such a peculiar way; 
they show equal times when “ really’? the clock at 
A should be in advance of the clock at B. Suppose 
next that the earth people make the same obser- 
vations on the clocks on Mars. ‘They find them 
showing the same time when, from the standpoint 
of the observer on the earth, they should not show 
the same time at all. 

Who is right? Who is wrong? 

Ejinstein’s answer is: neither is. They are both 
right and both wrong. Each planet, more generally 
each moving body, has its ow system of time, and 
also of space; it can be shown that the Lorentz- 
Fitzgerald contraction is closely associated with the 
‘“‘ relativity ’’ of time. No planet can claim to have 
the absolute system of time and space. But if we 
know the velocity of the other planet re/ative to our 
own we can mathematically find out the readings 
of clocks and measuring rods as observed by 
people on the other planet. The formule used 
for this purpose are called the “* Lorentz transfor- 
mation ”’. 

We need not say more about the numerous con- 
sequences of this theory of relativity. We must, 
however, consider the point we are interested in, 
namely, its effect on the laws of mechanics, more 
closely. 


©- -m fou----© 
raed 
ee ee 
eee eee 
A c 8 








80 ELECTRONS AND IONS 


7. Mass and Energy. 


The fundamental assumption in all the foregoing 
is that no signal faster than light exists. For if such 
did exist, it could be used for comparing clocks— 
and the whole theory of relativity would break down. 

If this theory has any meaning, therefore, the 
universe must be so constructed that the velocity of 
light is the highest velocity which we can ever 
observe. 

The laws of ordinary mechanics, however, are not 
compatible with this. Why should it not be possible 
to give a body an arbitrarily great acceleration by 
using powerful forces? Shells from large guns can 
already be made to travel faster than sound, so 
that they arrive before their own sound-waves— 
the victim is hit before he has time to hear the shot. 
Why should it not be possible to make electrons 
travel faster than light, by means of powerful electric 
fields? 

If we stick to the relativity principle, we must 
alter ordinary mechanics. But nothing of the many 
established results of mechanics must be lost; re- 
member the predictions of the planetary orbits by 
astronomers ! 

Now mechanics is not the last word of wisdom. 
We saw this already when we were discussing electro- 
magnetic mass. Electrical and magnetic phenomena 
may be even more fundamental than mechanics, so 
that mechanics may really be a “* derived science ’”’. 

The beautiful thing is that the electromagnetic 
laws which we call Maxwell’s equations carry the 
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theory of relativity, as 1t were, on their very face. 
There is no difficulty about this; no alterations of 
any kind are needed, everything fits in excellently. 
For these equations have just the same form, no 
matter for what moving frame of reference they are 
stated, provided the system of space and time units 
which applies to that frame of reference is used. 
Thus we can immediately understand why “ ab- 
solute ’? motion can never be determined by any 
electrical or magnetic observations (including optical 
observations); as Clerk-Maxwell predicted long ago. 

We must not hesitate to regard ordinary me- 
chanics—that wonderful structure of Galileo and 
Newton—as only approximately correct and to find 
out how it must be altered. This is not very difficult. 
Deviations are only to be anticipated in the case of 
very great velocities, near that of light. Newton’s 
fundamental law 1s: 


‘Time-rate of Change of Momentum = Force, 


where by momentum we mean the product of mass 
and velocity (p. 10). 

Now a body can have an acceleration, even if it is 
at rest; for it can begin to move, and so must be able 
to get up speed. We assume that Newton's law always 
holds if the body under consideration is af rest, so 
that it holds good in the frame of reference which 
is moving with the same speed as the body. In general 
the body will be at rest in this framework only 
momentarily; for the frame of reference 1s moving 
uniformly, whereas the body may be accelerated or 
retarded. ‘Then at the next instant there is another 








82 ELECTRONS AND IONS 


frame of reference moving with the same speed as 
the body; Newton’s law must again apply in ¢hzss 
frame of reference. We have now only to notice 
that in the two systems times and lengths are 
measured differently. The relations between the 
times and lengths then give the new law of motion. 
Formally the new law is just the same as Newton’s, 
except that now the mass is no longer a fixed number 
peculiar to the body, but actually changes as the 
velocity changes. 

And now a wonderful result comes out: if the 
velocity increases, the mass also increases, faster and 
faster, beyond all bounds, as the velocity approaches 
that of light. 

In the first place, this is in exact agreement with 
the observations on cathode rays and f-rays. The 
relativistic mass-formula is actually confirmed ex- 
cellently by quite accurate experiments. 

In the second place, just try to make a body 
travel faster than light! It can’t be done, for the 
faster the body goes, the heavier does it become. 
More and more force is needed to make it go faster, 
and in fact no finite force will raise its velocity to 
that of light. . 

Thus we have reached the result asserted: the 
velocity of light is the unattainable upper bound of 
all observable velocities. It is a natural unit of speed, 
which is actually used in physics; the high velocities 
of electrons and other particles are conveniently ex- 
pressed as fractions of the velocity of light. 

For low velocities (low compared with that 
of light), ordinary mechanics again applies. The 
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mass becomes constant; we speak of the rest-mass. 

This rest-mass, therefore, is the distinguishing 
mark of the body as regards mechanical properties. 
The theory of relativity has thrown fresh light on 
this idea also. For, according to this theory, mass 
and energy are essentially the same. If we multiply 
the mass of a body by the square of the velocity 
of light, we get its energy content, its capacity 
for doing work (a capacity which may, however, 
be fully utilizable in rare cases only). 

‘There are many ways of explaining this theorem 
of Einstein’s. The simplest is to consider what 
happens if a body is radiating light in one direction, 
e.g. a searchlight. 

Now light carries energy in the form of ‘“* radiant 
heat ’’. Indeed, all life on the earth depends on the 
heat energy radiated to us by the sun. But light 
also carries momentum. The implications of this may 
be illustrated as follows. 

When a man shoots with a gun he feels a recoil. 
The bullet flies forwards, so the gun must move 
backwards—otherwise the common centre of gravity 
could not remain at rest. For there is (p. 11) a 
fundamental law of mechanics, called the principle 
of the conservation of momentum, to the effect that 
the centre of gravity of a system of bodies which act 
only on one another does not change its state of 
rest Or motion. 

Quantitatively, it is the algebraic sum of all the 
momenta that does not alter. Before the shot, when 
the bullet is still in the gun, the momenta of the gun 
and of the bullet are both zero, and so also 1s their 
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sum. After the shot, the bullet has a considerable 
momentum, and the gun must have acquired the 
same momentum with the opposite sign, that 1s, in 
the opposite direction, if the sum of the momenta 
is still to be zero. 

The assertion that light possesses momentum 
accordingly means just this: emission of light in a 
certain direction leads toa recoil of the body emitting 
it. 

For example, we may take the searchlight and 
provide it with a shutter. If we open this for an 
instant, a beam of light rays shoots out. Then the 
searchlight is subject to a recoil like that of the gun. 

That this 1s really so 1s not just a theory, but an 
experimental fact. True, the recoil is extremely 
feeble, and to detect it very light and fine suspended 
bodies must be used, very different from a big 
searchlight. It is easier to carry out the experiment 
the reverse way, by illuminating a light suspended 
disc with an intense source of light, and observing 
the deflection caused by the light (39) (p. 85). 
As the light is not like a single shot, but forms a 
continuous stream, we do not get a sudden impulse, 
but a uniform /ght-pressure as long as the light is 
shining. This pressure has been found to exist 
and to be in excellent agreement with the predictions 
of optical theory. 

Light-pressure plays a considerable part in astro- 
nomy, owing to the very great intensity of the light 
emitted by the sun and stars. It is well known that 
the tails of comets always point away from the sun. 
They consist of very minute particles which are 
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sun. 

The principle of the conservation of momentum, 
then, applies to light also: a beam of light rays 
carries momentum with it, just as a bullet does. 
Hence a mass can also be ascribed to it; this is 
obtained by dividing the momentum by the velocity, 
that is, by the velocity of light. 

Now the study of light-pressure has further 
shown, again in agreement with theory, that the 
energy (heat) transported by light must be divided 
by the velocity of light to give the momentum. 

Accordingly, the mass of the beam of light rays 
is equal to its energy divided by the square of the 
velocity of light, 1e. m=E/c*, Owing to the 
gigantic value of the velocity of light, the mass 
which “rides on the light’”’ is very minute, for the 
factor 1/c? is 1/(9 X 10%), an extremely small 
number. 

Yet there is no doubt that a body losing energy 
by radiating light does lose mass; but without 
necessarily losing particles. In the fixed stars, the 
amounts are quite large. ‘Thus, in one year, the sun 
loses 1-4 X 10!4kg. (1-38 X 10! tons) by its radiation, 
though of course this is an inconsiderable amount 
compared with its mass of 2 x 10% kp. Kons 
of time, then, will elapse before the sun radiates 
itself away. 

If light is absorbed by a body, the body becomes 
warmer and simultaneously heavier by the mass 
corresponding to the light absorbed. Heat energy, 
therefore, has mass, just as light energy has. 





(39) 
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Every form of energy storage implies a storage of 
mass, no matter whether the energy be magnetic, 
chemical, or in any other form. Energy and mass 
are just different names for the same thing. 

Each bit of matter is therefore a potential source 
of energy; if its mass could only be released, we 
should have immense supplies of energy at our 
disposal. For 1 gm. of mass is equivalent to 
c2(== g X 10%) mechanical units of energy (so-called 
ergs); to obtain this energy from coal, we should 
have to burn nearly 3000 tons. Unfortunately, 
matter is not sufficiently obliging to set its mass 
and, so, its energy free. 

Recently, however, cases have been found to 
occur where this transformation of matter into free 
energy actually takes place. We shall discuss this 
exciting subject in Chapter V. Here the restlessness 
of the universe reaches its highest pitch; the solid 
matter itself explodes, setting up a wild confusion 
of motion in its neighbourhood. 

Meanwhile, however, we return to the electron. 
There is no doubt that, according to Einstein’s 
theorem, its rest-mass also is nothing but energy— 
what sort of energy? Doubtless the electrical energy 
of the charge which it carries. Thus we are brought 
back to the idea of electromagnetic mass. The 
objections which have been raised against this idea 
are quashed—1in my opinion—by Einstein’s theorem 
that mass is energy. The electron, as a charged body, 
carries electrical energy of the right amount. Who 
can doubt that the mass is identical with this elec- 
trical energy? 
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To charge up a small metal sphere, we have to 
do a certain amount of work, equal to the square 
of the charge (e) divided by the radius (7). This is 
the energy of the electric charge (e) on the sphere. 
If we assume that the same is true for the electron, 


by Einstein’s theory we have 


— == mc, 
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From this we obtain an estimate for the magnitude 
of the radius of the electron; we have 
ee cae : 
c= EO cm., approximately. 

But our objections? ‘They arose in problems in 
which the laws of the electromagnetic field, in- 
vestigated on the large scale, are applied to very 
minute particles. If they lead to contradictions and 
arbitrariness, so much the worse for the laws of the 
electromagnetic field! We have no ground for 
assuming that, in the inaccessibly small regions of 
the electron, the same Maxwell’s laws hold as in 
large-scale laboratory experiments. 

Starting from this conviction, I have worked out 
modifications of the laws, which avoid these diffi- 
culties. With the theory of relativity as basis, 
the new formule arise in a fairly natural way. They 
are identical with Maxwell’s equations for all large- 
scale processes, and deviate from them only for very 
small dimensions. ‘There, however, the difference 1s 
important; whereas, in the older form of the electro- 


magnetic theory, the charged electron and the 
(Ez 969) G 
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electromagnetic field surrounding it were two essen- 
tially different things, in the new theory they are 
united. There is only one field, but its properties 
are such that, at certain places, it may reach 1m- 
mense values without the store of energy blowing 
up. These places are the electrons. According to 
this theory, the electrons have a definite spatial 
structure, whose radius is determined by the formula 
given above and is about 10-18 cm. I am convinced 
that the new laws will gradually displace those of 
Maxwell. All this work, however, is in too early a 
stage to be discussed further here. 


8. The Determination of the Electronic Charge. 


We know the specific charge of the electron, 1.e. 
charge What is the magnitude of the 
mass 
charge itself? 

It is obtained very simply by using our knowledge 
of Avogadro’s number (the number of particles in 
a mole). For 1 mole of electrons is the quantity of 
electricity which is called 1 faraday. If we divide 
this quantity of electricity by the number of particles 
in a mole, we have the charge on a single particle. 

This method, however, is not very satisfactory. 
In the first place, it is inaccurate, as Avogadro’s 
number is known only roughly from experiments 
with gases. In the second place, it would be nice to 
determine the charge on a single electron directly, 
and thus verify the atomic nature of electricity. 

We should therefore like to construct a sort of 
electric balance, so sensitive that the addition of a 


the ratio 
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single electron would give a deflection. A bold 
venture! 

But it works, thanks to the comparatively large 
forces to which a single electronic charge is subject 
when placed in a strong electric field. The force is 
equal to the product of the charge and the field- 
strength, and though the charge may be small the 
field-strength can be made large. 

Of course the balance itself must be sufficiently 
sensitive. It is usual to choose droplets floating 
freely, generally of oil. The fine oil droplets are 
brought between two metal plates, which are elec- 
trically charged, and the droplets are observed 
through a telescope or microscope (40). If there 1s 
no electric field the droplets fall by their own weight, 
not with an acceleration like a large body, but at a 
slow uniform rate. This is because the resistance of 
the air to the fall of small spheres is relatively much 
greater than for large. From this rate of fall the 
radius of the droplets (assumed spherical) can be 
calculated. Hence their weight 1s known. 

We now charge the particles. To do this we have 
merely to illuminate the space between the plates for 
a moment with light of short wave-length (ultra- 
violet rays or X-rays). We shall discuss the electric 
effect of this light, the photo-electric effect, in greater 
detail later (p. 118). Here itis sufficient to know that 
the light knocks electrons out of the molecules of 
the air and thus makes the molecules into positive 
ions. The electrons attach themselves to other 
molecules of air, which thereby become negative 
ions. And occasionally these ions attach themselves 
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to a droplet of oil and give it an electric charge. 

When the field is switched on we find that some 
drops are not affected by it at all, others fall more 
rapidly or more slowly than before, and some even 
rise in defiance of gravity. Now it is easy to measure 
the charge on a droplet: we may, for example, adjust 
the field-strength so that the droplet just remains 
floating in the field of the telescope. Then 


Weight of Droplet = Charge « (Field-strength), 


and if we know the weight from the rate of fall 
when there is no field, and measure the field-strength, 
we can find the charge, which is equal to 


Weight 
Field-strength 


This is what Millikan did with a great many 
particles. He found charges of the most varying 
sizes, but among these there was a definite minimum 
charge, the smallest which was ever obtained. All 
other charges were exact multiples of this minimum 
charge. 

The atomic nature of electricity is thus established, 
and the actual magnitude of the elementary charge 
(in the usual technical units) found. There is no 
point in stating the actual number. We must, 
however, attempt to give an idea of its magnitude 
by quoting effects which can readily be grasped. 

If Millikan’s plate apparatus is connected to the 
house lighting circuit at 200 volts, how great is 
the force on one electron? ‘That depends on the 
distance between the plates. If we imagine that the 
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plates are I mm. apart, the force is about as great 
as the weight of one three hundred millionth part 
of a milligram (3 x 10-9 mgm.). This seems very 
little—-but 1f we choose an appropriate object for 


comparison, it is really enormously large. We 
may take the weight of the electron itself. As 
we know the charge and the ratio Ceres. we can 


mass 
calculate the mass. We find that the electron weighs 
about 10-74 milligrams. “The electric force is thus 
immensely greater, by the factor 3 x 10! or 
three thousand billions. 

Many readers will perhaps have wondered why 
we have said so little about gravitational forces. For 
these govern our whole destiny; they enable us to 
remain sticking to the earth, and they determine 
the path of the earth in its motion among the 
heavenly bodies. Must not gravity play an im- 
portant part in the world of the atom? 

We see that the answer is—no! ‘True, it is very 
fashionable among present-day physicists to want 
to construct a unified theory which will combine 
the forces of gravitation and electromagnetism into 
one great whole. In my opinion, their attempts are 
along the wrong track, or at least premature. ‘These 
effects are of quite different orders of magnitude, 
and occur under quite different conditions. In 
the realm of the atom gravity is completely masked 
by the electrical forces. It 1s only where these almost 
balance one another, as in bodies of large dimensions, 
which are a neutral collection of elementary electrical 


particles, that gravity becomes noticeable. Perhaps 
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it is a residue due to incomplete compensation. But 
at present speculations about it are premature, for 
the true laws of electromagnetism are probably not 
yet known with sufficient accuracy. 

Now we go back to the charge on the electron. 
Another way of getting an idea of its magnitude 1s 
this: how close together must two equal electronic 
charges come, if they are to attract or repel one 
another (according to their signs) with a force equal 
to the mechanical unit 1 dyne, which, as we know, 
is nearly equal to the weight of one milligram? This 
distance is found to be about 5 « 10719 cm., that is, 
less than the radius of the atom. But 1 mgm. is of 
course a very arbitrary mass. To get a better idea 
of the forces, we think of one electron as fixed and 
the other shot straight at it. As they repel one 
another, they cannot approach indefinitely, but there 
must be a turning-point. How quickly must the 
electron be shot in order to come within atomic 
distance (41) (1 A.=1078 cm.)? 

The answer is, with a velocity of 108 cm./sec. or 
1000 Km./sec., 1.e. 1/300 of the velocity of light. If 
we used heavier particles instead of electrons, the 
projectile would approach the fixed charge more 
closely still, the velocity being the same. We shall 
make use of this result later (p. 171) in estimating 
magnitudes in the interior of the atom. 

The electronic charge has been measured very 
accurately; its true value certainly does not differ 
from the experimental value by more than 1/1000 
of that value. Hence it may be used to obtain 
a more accurate value for Avogadro’s number; 


(41) 
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we have of course merely to divide the faraday by 
the charge of the electron. There are yet other 
methods for determining the electronic charge. For 
example, as we shall soon see (p. 97), we can count 
the particles in the rays emitted by radioactive sub- 
stances. If at the same time we measure the total 
charge carried by the rays, we obtain the charge on 
a single particle by division. 

‘These and other quite independent methods agree 
in giving the same value, and thus confirm our con- 
viction that the electron—the atom of electricity 
—actually exists. 


9. Gaseous Ions. 


We now know quite a lot about the electron. 
The next question is, what part does it play in the 
building-up of matter? 

‘The electrons of the cathode rays come out of the 
metal of the cathode. Hence presumably the metal is 
full of electrons, and it is these that are responsible 
for the high electrical conductivity of the metal. 

But we said previously that electrons can be torn 
out of air molecules, and indeed out of atoms and 
molecules of every kind, by irradiating them with 
light of short wave-length. ‘This phenomenon is 
known as the photo-electric effect. It occurs with the 
so-called ultra-violet light, whose wave-length is 
shorter than that of the visible violet light, but 
which cannot be detected by the eye. It is shown 
still better by X-rays, which are really just light 
of very much shorter wave-length. In many gases 
the torn-out electrons move about freely for some 
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time. If an electric current is made to pass through 
tubes containing traces of these gases, it is carried 
chiefly by the free electrons, which move much 
faster than the positive ionic residues. They rush 
with increasing velocity to the anode, reaching very 
high velocities, even when the applied electrical 
forces are not high. The speed is so great that the 
atoms of the gas become luminous. Of this kind of 
light we shall speak later (p. 130). The process is put 
to practical use in electrical advertising signs, which 
emit pure neon- or argon-light and require but little 
current. 

In most gases, however, the electrons knocked 
out of the atoms are immediately caught by other 
atoms, giving rise to negative ions. An irradiated 
gas then conducts electricity, just like an electrolyte. 
The current is carried by the ions, the positive ions 
going to the cathode and the negative to the anode. 
The velocities and charges of the ions can be 
measured, but we need not consider the details here. 

Besides light, there are other means of splitting 
off electrons or “ionizing ’’ molecules. Any kind 
of fast-moving particle with an electric charge will 
do. Hitherto we have spoken only of the cathode 
rays, which are fast-moving electrons. ‘These can 
be set free from their prison in the evacuated tube 
by Lenard’s method of inserting a window of very 
thin metal foil in the tube. The rays pass right 
through the metal foil and can then be observed in 
air or other gases, and their penetration, ionizing 
effect, and other properties can be investigated. 

We also mentioned the _naturally-occurring 
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electron rays, the B-rays. ‘There are also rays of 
positive particles, naturally-occurring ones from 
radioactive substances and artificial ones produced 
in evacuated tubes. The ionization produced by 
these various types of rays may be stronger or 
weaker, but its nature is always the same. It is in 
every case, for every atom, a splitting-off of electrons. 

This is extremely important. If you are eating an 
apple and biting off bit after bit, you have the same 
stuff in your mouth all the time, apple. Just so 
with atoms; you can remove bit after bit, electrons 
all the time. 

‘These, as we know, are negative electric charges. 
The atom as a whole is neutral. Where, then, is 
the corresponding positive electricity? An apple has 
a core, which you finally reach. Just in the same 
way, if you keep peeling off layers of the atom you 
finally come to a (positive) core or nucleus—in the 
case of a molecule, several nuclei. 

Before discussing these we have still much to say 
about electrons, and shall first describe the practical 
applications of what we have learned. For every new 
result leads to the construction of new apparatus, 
and this again to further new advances. 


10. Measuring and Counting Particles: Amplification: 
Making Particles Visible. 


The pieces of apparatus which we shall now 
describe are the most important of all the tools of 
modern physics. It is by means of them that the 
results which we have discussed above have been 
made physical certainties. 
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In our pictures we have shown atoms as dots or 
\irtle balls and have represented their motions. But 
the actual atoms we flave never seen yet, nor per- 


ceived them in any other way as individual entities. 

It is a triumph of modern experimental technique 
to have made this possible in some degree. Well, 
then, you may say, why have we had to read all the 
pages that have gone before? Would it not have 
been simpler to produce the direct modern methods 
at once? Surely it would have been a saving of 
words, time and trouble? 

No, it would not have done. You would not have 
understood the pictures and descriptions which now 
you will understand without further explanation (at 
least, I hope you will). There is nothing which is 
really so immediately illuminating as raw _ sense- 
impressions. Anyone can tell instantly whether a 
drink tastes sweet or bitter. The question where 
the sweet taste comes from, however—perhaps from 
sugar mixed with the drink—requires observation 
and investigation. Every experiment, even the 
simplest and most direct experiment, requires for its 
interpretation a knowledge of certain concepts and 
a capacity to arrange sense-impressions in order. 
‘These concepts had first to be formed, and their use 
learned, by the analysis of natural phenomena. I 
think, too, that this troublesome working-out of the 
truth actually has a great charm of its own, like that 
felt by a mountain climber who has scrambled up 
the steep slopes to the summit and scorns the 
people coming up by the mountain railway. 

Now to business. We want to use the electrical 
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properties of gases to investigate rays of all kinds. 
Our simplest instrument is the ionization chamber, a 
metal vessel with an insulated electrode. Between 
this electrode and the wall of the vessel an electrical 
tension (so many volts) is applied. The air (or 
other gas filling the vessel) 1s a non-conductor in 
its natural state, provided the electrical tension is 
not so high as to make a spark pass. If ionizing rays 
are allowed to enter the vessel, pairs of ions are 
formed, the gas becomes a conductor, and if a small 
electrical tension 1s applied, a current begins to 
flow, which can be read off on an instrument (an 
ammeter). 

This apparatus enables us to compare and to 
measure the total effects of rays. We can, for 
example, find out by how much a radiation is 
weakened on passing through a layer of a substance, 
say a thin sheet of metal, and we can thus draw 
conclusions about the nature of the radiation. These 
conclusions, however, are still merely indirect. 

Much more can be done with an instrument 
known as the Geiger-Miller counting apparatus (42). 
For this actually enables us to count the individual 
particles in material radiation—electrons or ions. It 
again consists of a metal tube and an electrode inside 
it, which is in the form of a wire covered with a thin 
layer of badly-conducting substance (oxide layer). 
A considerable electrical tension 1s applied between 
the wire and the wall of the metal tube, until the 
insulating layer of air is on the point of breaking 
down. The gas is then in an unstable condition; 
the electrical forces are very great, particularly in 





(42) 
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the immediate neighbourhood of the wire. These 
forces give a considerable velocity to any electron 
which happens to be present, until it hits the next 
air molecule, almost succeeding in ionizing it. If 
this does happen, another electron will be split 
off from the air molecule and will begin to move 
about. The two electrons will fly on, their number 
doubling at each (successful) collision. This ava- 
lanche-like increase (43) (p. 99) leads to the catas- 
trophe; a spontaneous electric charge takes place 
and—if it is powerful enough—a spark 1s seen. 

We accordingly adjust the electrical tension so 
that this catastrophe just fails to occur (here the 
oxide layer is useful). 

Then if an electron or charged ion rushes through 
the space, the few hundred or thousand electrons to 
which it gives rise will suffice to bring about the 
discharge, and a current-impulse flows through the 
apparatus. By suitably adjusting the external circuit 
(inserting high resistances) we can arrange that 
the current is immediately broken off again when 
the particle has passed through the chamber. 
Then the apparatus is ready to record the passage 
of another particle; actually to record it, for the 
current-impulses can not only be made visible as 
deflections of a pointer-instrument, but can be led 
into an automatic counting mechanism. ‘This can 
be done very conveniently by means of an amplify- 
ing valve of the very same kind as 1s used in wireless 
sets. 

So now we have come round again to the starting- 


point of this chapter. I said that to-day everybody 
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knows something about amplifying valves, triodes, 
and the like. Now, however, we are in a somewhat 
better position for understanding how these valves 
work. 

The amplifying valve is a cathode-ray tube with a 
few modifications. In the first place, a relatively 
large current must pass through it. The number of 
electrons produced by a moderate electrical tension 
is too trifling to carry a powerful current. Hence 
we assist the process by means of heat. A glowing 
metal emits electrons spontaneously and copiously. 
This 1s not difficult to understand. As we said before, 
the high electrical conductivity of metals indicates 
that the electrons in metal are free—or nearly free— 
to move about, like the molecules of a gas. Raising 
the temperature means raising their velocity. The 
incandescence means that the electrons have high 
velocities in the metal, with which they run up against 
the surface of the metal from the inside and over- 
come the forces which in the cold state suffice to 
imprison them. 

Thus we have a glowing cathode, that is, a thin 
wire heated electrically. Then we have a cold anode, 
and between them a third electrode in the form of a 
network, termed the “grid”. Hence the name 
triode for the valve as a whole (44) (p. 101). 

A 50-120 volt battery is connected between the 
cathode and the anode, but a current cannot flow in 
this circuit (indicated in the figure by ——-—-) unless 
the electrons coming from the hot cathode do actually 
reach the anode. 

This, in the first instance, is prevented by applying 


(43) 
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an opposing electrical tension between the cathode 
and the grid, so that the majority of the electrons 
just fail to reach the grid. Further, the alternating 
current which is to be amplified is transferred to this 
auxiliary circuit by a transforming coil. If this 
current (shown by a heavy dotted line) 1s in the same 
direction as the auxiliary electrical tension (dots and 
dashes), no current flows in the main circuit, any 
more than it did before. But whenever it is in the 
opposite direction to the auxiliary grid field, all of a 
sudden a great number of electrons reach the grid, 
pass through the holes in it, and thus complete the 
main circuit between the cathode and anode. 

Quite small fluctuations in the electrical tension 
of the grid (relative to the cathode) are therefore able 
to produce enormous fluctuations of the current in 
the main circuit (for the source of current in this 
circuit can be made as powerful as we please). These 
fluctuations are transferred by a transformer coil to 
the wire which 1s to carry away the amplified current. 

As an illustration, we may cite the mechanical 
machines in which powerful effects are produced by 
a tiny lever. An example from commerce, however, 
seems more convincing to me, that of customs at the 
frontier of a country. Think of a country importing 
sugar, say. A duty is imposed on this to control the 
import of sugar, to protect home industry. The 
duty corresponds to the electrical tension between 
grid and cathode, the quantity of sugar imported 
to the main current. A slight increase in the duty 
means that the import of sugar ceases to be profitable 
and the supply stops entirely. A small decrease in 
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the duty again enables the importer to make a small 
profit on every pound of sugar he sells, and 
immediately the goods pour in, in unlimited quan- 
tity. 

‘The same happens in the case of the valve; aslight 
decrease 1n the relative electrical tension of the grid 
lets every single electron leaving the cathode get 
through to the anode. 

This is the principle of the amplifying valve. Its 
practical realization demanded an uncommonly high 
mastery of the art of the glass-blower, the production 
of extremely high vacua, and a knowledge of the 
properties of metals. These, however, we are not 
concerned with here. ; 

By means of these amplifiers we can now magnify 
the feeble current-impulses of the Geiger-Miiller 
counting apparatus as much as we like; we can 
make them audible as crackles 1n a loud-speaker or 
convey them to a counting mechanism from which 
the number of impulses, i.e. the number of electrons 
shot in, can be read off directly. 

Anything we can count has an individual character. 
Anyone who has heard the crackles in the loud- 
speaker when a radium preparation is held near the 
counting-tube can no longer doubt that the radiation 
from radium 1s discontinuous. 

It would, however, be very nice to see the atoms 
as well as hear them. Even this wish can be ful- 
filled. ‘There is a method—not, it 1s true, for seeing 
the individual particles, but their collisions with a 
solid body—which dates back further than the 
counting method just described. A certain crystal, 
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zinc sulphide, gives a flash of light when it is struck 
by a fast particle from a radium preparation (a so- 
called a-particle, in reality a helium ion (p. 235)). 
In a darkened room it is possible with a not very 
powerful magnifying-glass to see the individual hits 
as little points of light, so-called scintillations, which 
can easily be counted if the eye is suitably rested. 
Anyone who has a watch with a luminous dial can 
verify this; for the figures are painted over with 
zinc sulphide powder mixed with traces of a radio- 
active substance. To the naked eye the figures seem 
to be feebly luminous; but a magnifying-glass shows 
that the light is really intermittent. 

The most elegant apparatus for making the whole 
tracks of particles visible, however, is the Wilson 
chamber. It is really no wonder that this was in- 
vented in a country like Great Britain, where thick 
fog is so frequent and troublesome a phenomenon. 
Why are London and Manchester foggier—and 
dirtier—cities than Berlin and Munich? Yes, dirtier 
too; for fog and dirt go together. ‘The reason is 
the British love for the open coal fire with its in- 
complete combustion. Innumerable chimneys vomit 
forth soot day after day (45), and soot gives rise to 
fog. 

The connexion between them is this: air can mix 
with water vapour, but not in any quantities. There 
is a maximum of humidity; we then say that the 
air is saturated with water vapour. This point 
depends on the height of the barometer, i.e. the 
pressure of the atmosphere. If the barometer 
suddenly falls, the quantity of water which the air 
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can retain, as vapour, falls, and the surplus condenses 
into droplets. 

If, however, the pressure is lowered cautiously 
and the air is pure, condensation can be avoided. 
There is indeed more water vapour than the air can 
really hold, but the formation of droplets does not 
occur—in a sense because the water molecules do 
not know where to begin lumping themselves together. 
This task is made much easier for them, however, 
if there 1s any dust or soot floating in the air. At 
once the water molecules rush to the surface of these 
granules, cover them, and speedily form droplets 
with a nucleus of soot. There you have your fog! 
And down it sinks, covering everything with a 
greasy black layer of soot. 

In Berlin and Munich, where the coal is burned 
thoroughly in central-heating plants, the air remains 
clearer and purer; on the other hand, the comfort 
of the crackling open coal fire is not known there (46). 

Now it has been found that not only dust and soot, 
but also charged molecules (ions) form excellent 
nuclei for drops to form on. The electric forces 
radiating from the ion obviously attract the water 
molecules. 

This fact 1s utilized in the Wilson chamber to 
make the paths of particles visible. We have a 
chamber full of air saturated with water vapour, 
closed by a piston. If the piston is suddenly pulled 
out, lowering the pressure in the chamber, the 
vapour is super-saturated, but remains for a short 
time in that state, as there are no dust particles 


present to act as nuclei for droplet formation. If 
(BE 969) H 
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we now shoot particles into the chamber, these form 
pairs of ions along their path, which act as con- 
densation nuclei and collect a layer of water droplets 
on their surfaces; the paths of the particles are ren- 
dered visible (47) (p. 103) as fine tracks of fog! These 
can be photographed; it is best to do this stereo- 
scopically, that 1s, two cameras are used simultane- 
ously from different directions, giving two pictures 
from which the positions of the tracks in space can 
be established. 

Each kind of particle gives its own characteristic 
track; Plate I(2), facing p. 242, shows an electron 
and an a-particle, which can be distinguished at the 
very first glance: the light electron has a fine short 
zigzag track, the heavy a-particle a long, smooth, 
straight track. 

The Wilson chamber method banishes the last 
doubt that matter consists of very fine particles, and 
Wwe can now proceed with a clear conscience to study 
the part played by electrons in the make-up of 
atoms, to hunt for the positive constituents of atoms, 
and soon. This is what scientists actually did. Here, 
however, we shall not follow the historical path. 
For it led into a jungle of difficulties, from which 
they could extricate themselves only by slow degrees. 
The chief of these difficulties was the fundamental 
discovery that phenomena exist 1n which the very 
rays which we have just recognized with complete 
certainty as a rain of particles behave like waves! 

Here we have a definite and horrible contradic- 
tion! Physicists, who were climbing down step by 
step so rapidly into the interior of the restless 
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universe, were suddenly confronted by a blank wall 
which cut off any further advance. 

Before we penetrate deeper, therefore, we must 
demolish this wall, get rid of this contradiction— 
so far as possible. First, however, we must consider 
waves and their properties a little more closely. 
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CHAPTER III 


Waves and Particles 


1. Light-waves and Interference. 


IGHT 1s the most important messenger bring- 

ing us news from the outside world. What 
does it really tell us? We think we actually see 
things, their outlines and colours. In reality the 
light merely reports this: “‘ I come from such and 
such a direction, vibrate with such and such an 
intensity and such and such a velocity, and I 
have entirely forgotten what happened to me on 
the journey on which I set out just after my 
birth and which ends here on your retina with 
my death.”” Everything else, such as our perception 
of coloured objects, is not like a newspaper re- 
porter’s “* copy ’’, but is an unconscious combination 
by the editorial department (the brain) of thousands 
and thousands of these reporter’s messages, depend- 
ing on impressions derived from all the senses taken 
together. 

Most people find this journalistic combination so 
fascinating that they scarcely pay any attention to 
the reporter’s skill. The physicist, however, finds 
these very reports particularly attractive. He does 


not combine them unconsciously, but, on the con- 
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trary, deliberately sets out to analyse them, using 
considerable ingenuity and cunningly devised appa- 
ratus. Then they tell him quite a different story, 
one of a restless universe of atoms, governed by 
strange laws. 

Light itself forms part of the restlessness in the 
world of the very small. Even where there are no 
atoms, in empty interstellar space, for example, there 
are light-rays coming from the stars and moving in 
all directions. And near the stars, which of course 
are glowing suns, like our sun, light vies with the 
atoms, rushing on in a wild dance. 

As we have already said, it is usual to regard light 
as a wave motion, each wave-length corresponding 
to a definite colour. At the time of the great Newton, 
this idea was not accepted without contradiction. 
Newton himself preferred the hypothesis that light 
is a rain of particles (“‘ corpuscles ’’) given out by 
the body emitting the light. He could not under- 
stand how the wave theory, which had by then been 
devised by Huyghens, could explain the propaga- 
tion of light-rays in straight lines (1.e. the fact that 
shadows have sharp boundaries), which is imme- 
diately obvious on the basis of the corpuscular theory. 
Newton made great discoveries in optics: in par- 
ticular, he succeeded in splitting up white sunlight 
into the colours of the rainbow by means of a prism; 
as we should say to-day, he produced its spectrum. 
But in the question ‘* wave or particler’’ the scientific 
world came down on the side of Huyghens, for very 
forcible reasons, which we must now consider. 


In the first place, light does not by any means 
(CE 969) H2 
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travel in a straight line in all circumstances. If we 
make a very small hole in a cardboard or metal 
screen and put a lamp behind it, the hole, when 
viewed from the back of the screen in any direc- 
tion, looks like a small luminous point. This cannot 
be explained by Newton’s theory, but can by 
Huyghens’: the opening on which the light-waves 
are falling acts like a secondary centre from which 
the waves spread out in spheres. This experiment 
and all the following experiments can be imitated 
with water waves, although the latter are of course not 
waves in space but waves on the surface of a liquid. 
If a stone is thrown into water it produces a system 
of circular waves (Plate I(4), facing p. 242), whereas 
in space (in the case of light) the waves are spherical, 
starting from a luminous particle G.e. a vibrating 
particle). At great distances the waves have a nearly 
straight front. A straight wave can also be produced 
by laying a stick in the water and moving it periodi- 
cally. Plate I(c) shows a straight wave impinging 
on a board with a hole in it; behind the board we 
see a circular wave starting from the hole. ‘This 
exactly corresponds to the optical experiment men- 
tioned above. 

‘Two trains of waves can pass through one another 
without affecting one another; that is, once they 
have again separated, each one goes on as if it had 
never met the other. This can be seen very well 
from a lake steamer; the waves made by the steamer 
pass on through the waves already present on the 
surface of the lake (48). 

This rule is called the principle of superposition. 
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Exactly the same is true of light. If it were not so, 
how could we see at all? If I look in a certain direc- 
tion, the waves which reach my eye are crossed by 
innumerable other waves on the way, but are not 
disturbed by them. 

What happens, then, at the point where the two 
Wwave-trains are Superposed: 

Plate I(@) (facing p. 242) shows what faevens 
with water waves. ‘lwo wooden balls floating some 
distance apart on water are set in periodic motion 
by a string. Then each of them sends out a system 
of circular waves, and these give rise to a curious 
wave-pattern; at certain points the waves reinforce 
one another, while at other points they destroy one 
another and the water remains still. 

This is a fundamental phenomenon of wave 
motion, which 1s called iuzterference. At points where 
a wave-crest of one system meets a wave-crest of 
the other, they reinforce each other; but where a 
wave-crest of one system meets a wave-trough of 
the other, they weaken each other; if the crest and 
trough are equally well marked, they cancel one 
another completely. 

Applied to light, this means that light-++ lght 
does not always give more light, but may in certain 
circumstances give darkness. Now is this really soP 

About 120 years ago physics went through a 
period which was just as rich in important discoveries 
as the present. Among these the first observation of 
the interference of light by Young and the develop- 
ment of the wave theory by Fresnel are perhaps 
the greatest. 
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Young made two small holes in a screen and 
allowed light to pass through these and fall on 
another screen at some distance. Then he actually 
saw dark and bright bands (fringes) alternately, just 
as the wave theory predicts. Similar bands appear 
when fine obstacles such as hairs are observed (Plate 
II(Z), facing p. 246). For our purposes, however, 
it is more convenient to think of two long narrow 
slits, on which monochromatic light, that is, light 
of one definite wave-length, is allowed to fall, 
the light passing through being caught on a screen. 
Then it is easy to calculate and mark points on the 
screen where one wave is exactly a whole wave- 
length behind the other; there a bright band will 
be found, and each pair of bright bands will be 
separated by a dark band (49). (The screen with 
the interference bands on it is really perpendicular 
to the plane of the paper.) 

If the distance between successive bands is 
measured and the distances between the two slits 
and between the slits and the screen are known, the 
wave-length of the light can be calculated from a 
simple geometrical argument. 

This construction also shows that the inter- 
ference bands become narrower if the slits are moved 
farther apart, and conversely. The distance between 
the slits and the distance between the bands are 
inversely proportional to one another. 

If the light falling on the slits is not mono- 
chromatic, but consists of a mixture of light of 
different wave-lengths, like white light, each wave- 
length gives its own system of bands, and the super- 
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position of these gives the eye the impression of 
coloured and more or less blurred bands. 

By using a great number of parallel slits it is 
possible to get each wave-length to produce quite 
narrow bands with large dark interspaces. ‘Then 
the bands of different wave-lengths (colours) will 
not be superposed and mixed up, but will lie side by 
side. Only the centre band will contain all the 
wave-lengths at once, i.e. will appear white (in white 
light). The very next band will have all the colours 
side by side, that is, will form a complete spectrum 
(the so-called spectrum of the first order). Each 
succeeding band is also drawn out into a spectrum, 
called the spectrum of the second order, third order, 
and so on. 

Apparatus of this kind is called an interferometer, 
and for many purposes is much better than the 
prisms which Newton used to split up light into a 
spectrum; for one thing, an interferometer can be 
used to determine wave-lengths. Instead of slits in 
a screen it is usual to have a metal mirror ruled with 
fine parallel lines; this is called a “* grating ’’. 
Some gratings have as many as 2000 lines to the 
millimetre. A grating gives a whole series of spectra 
in addition to the undecomposed central image. 

The complete agreement of the wave theory with 
the facts forms a convincing proof of the correctness 
of Hiuyghens’ hypothesis. 

Hiow, then, are we to explain the rectilinear 
propagation of light which puzzled Newton sor 

This is shown by Plate I(e) and (f/) (facing p. 242), 
which are photographs from above of water waves 
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passing through a slit. If the slit is large compared 
with the wave-length, the edge of the shadow is com- 
paratively sharp. If the width of the slit is reduced, 
the wave motion extends beyond the boundary of 
the shadow; we have what is called “ diffraction ’’. 
If the slit is made quite small, a shadow-boundary is 
no longer to be seen, and the wave emerges from the 
slit (secondary source) as a circular wave-system (in 
space, a spherical wave-system). This can also be 
explained theoretically. A large opening may be 
imagined to be broken up into portions, each of 
them as long as a wave-length. Each such portion 
sends waves to a point beyond the shadow-boundary; 
half of them reach there as a wave-crest, half as a 
wave-trough, and they therefore cancel one another. 
At the edges, however, the compensation is in- 
complete, so that the shadow-boundary is not quite 
sharp and in certain circumstances may even exhibit 
narrow bands. If the slit 1s made narrower, the 
waves do not cancel one another so exactly and an 
extensive wave-train is produced. In the optical 
case we should see the image of the slit on the 
screen widening, its breadth being inversely pro- 
portional to the breadth of the slit. We shall come 
back to this point later (p. 160). 


2. Invisible Light. 


All kinds of light and everything of the nature of 
light have been examined by apparatus of the type 
just discussed. 

Visible light covers only about one octave, speak- 
ing in musical terms; that is, the longest light-waves, 
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which appear red, are about twice as long as the 
shortest light-waves, which appear violet. ‘The 
visible spectrum lies in the region of wave-lengths 
of 1/2000 mm.; more accurately, it consists of 
wave-lengths from 3-6 < 10-5 cm. to 7-8 « 10-5 cm. 

It follows from this that the vibrations are ex- 
ceedingly rapid. For these tiny waves (say of wave- 
length 5 < 10-5 cm.) advance 3 <x 10!° cm. in a 
second (for that is the velocity of light). As one 
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centimetre contains ——_____, == 2 104 such waves, 
>< 10 

2x 10% < 3 < 10!9°=—6 x 10!4 waves pass a defi- 

nite spot in a second. ‘This is the ‘‘ frequency ”’ 


(vy) of light from the middle of the visible spectrum. 

‘The light emitted by the sun and other sources of 
white light contains waves both shorter and longer 
than this. 

If we hold a sensitive thermometer in the spec- 
trum, it indicates heat; if we place it beyond the 
last visible colour on the red side, the thermometer 
rises still farther. “Thus there is ‘‘ infra-red ’’ light, 
which can be detected by its heating effects and in 
other respects behaves just as visible light does. 
On the violet side of the spectrum the presence of 
““ ultra-violet ’’ light can be detected by means of 
the photographic plate. "Thus the spectrum extends 
to an immense distance on either side, so that the 
region to which the eye is sensitive is quite a small 
portion of the spectrum as now known, so small that 
in making a diagram of the spectrum (50) we have to 
adopt a special device. We cannot plot the wave- 
lengths themselves, for there would be no room on 
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the paper; instead, we plot their orders of magni- 
tude, going up in powers of Io. 

Beyond the ultra-violet rays on the short-wave side 
are the X-rays. Their discovery by Réntgen in 1896 
marks the beginning of the new radiation physics. 
The older among us still remember the almost 
alarming astonishment with which we were seized 
when we saw the photograph of the bones of a living 
man’s hand. ‘The young generation accepts this 
marvel and many others as obvious. The miracle 
depends on the extraordinary penetrating power of 
X-rays. It was not easy to prove that they are waves 
of the same kind as light; the wave-length is so 
small that sufficiently fine gratings could not be made. 

Here, however, Nature came to the scientists’ 
help, for crystals are wonderfully regular arrange- 
ments of atoms. Figure (51) opposite shows the 
structure of rock-salt, which consists of sodium and 
chlorine atoms arranged alternately in a very simple 
way. Von Laue had the bright idea of using crystals 
as gratings for X-rays. ‘True, they are not gratings of 
lines, but gratings in space, so that the phenomenon 
becomes more complicated; but W. H. Bragg and 
his son W. L. Bragg made use of it to develop not 
only the spectroscopy of X-rays, but also the in- 
vestigation of the grating-structure, or so-called 
lattice-structure, of crystals. As a matter of fact, it 
is now possible to produce X-ray spectra with 
artificial gratings also. 

The radioactive substances emit not only the 
corpuscular rays which we have already mentioned 
(p. 102) but also a light-radiation, the so-called y-rays, 
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resembling X-rays. Finally, in the cosmic radiation 
which we shall discuss later (p. 261) we have light 
of extremely short wave-length. 

Now for the long waves. Here the nature of light 
is revealed, so far as we can say so in physics at 
present. The question is, what is it that is vibrating? 

This question led physicists to assume the exis- 
tence of the ether. A hundred years ago the ether 
was regarded as an elastic body, something like a 
jelly, but much stiffer and lighter, so that it could 
vibrate extremely rapidly. But a great many phe- 
nomena, culminating in the Michelson experiment 
and the theory of relativity, showed that the ether 
must be something very different from ordinary 
terrestrial substances. 

Now an ether is also required for electricity and 
magnetism; for these phenomena can also travel 
through a vacuum. Formerly physicists had no 
hesitation in filling space with all manner of different 
ethers. But the urge to unification of the concept 
of the universe, which is a powerful spur to research, 
forbade them to be content with this. Faraday’s 
experiments led Maxwell to the idea that light 1s 
just a vibration of electromagnetic force. He pre- 
dicted that circuits in which alternating electric 
currents are rapidly pulsating must emit waves of 
electric and magnetic force, and these were actually 
detected by Hertz. They are the waves which are 
used in wireless telegraphy to carry messages, and 
in radio for the entertainment of the public. 

A wireless antenna, then, is just like an atom 
sending out light-waves, only greatly magnified. 
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Film IJI shows how the radiation arises. Here 
the antenna is a short, straight wire. In this wire 
a current is oscillating to and fro; that is, at a 
certain instant one end of the wire is positively 
charged, the other negatively charged. At the latter, 
electrons are heaped up, at the former there is a 
shortage of electrons. Now the electrons flow away 
from the negative end, but overshoot the mark, so 
that at the next instant the charges are distributed in 
the reverse way. Thus the charge oscillates back- 
wards and forwards, until its energy is used up by 
friction and radiation. How is the radiation pro- 
duced? At the instant when the two charges are 
separate, there are two electric poles there (we call 
the whole thing a dipole), and outside the wire there 
is an electric field running from the negative pole to 
the positive pole; this field may be visualized by 
means of the lines of force. When the charges cancel 
one another, the dipole is destroyed and the lines of 
force detach themselves from the antenna and move 
outwards into space. During the existence of the 
reversed dipole a new system of lines of force 1s 
built up, but in the reverse direction, and so on, as 
the film shows. 

Actually there is not only the oscillating electric 
field, but also a magnetic field, whose lines of force 
surround the antenna. We cannot, however, go into 
details of this. 

We can produce Hertzian waves as short as heat 
waves and just as long as we like. Their physical 
identity with light-waves as regards velocity, inter- 
ference, reflection, and many other properties, has 
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been proved by countless experiments. Hence we 
must assume that atoms emitting light are also little 
oscillating dipoles. As we already know that the 
atoms contain electrons in their outer layers, this idea 
raises no difficulties. 

Up to the beginning of the present century this 
electromagnetic theory of light seemed firmly estab- 
lished, when suddenly a catastrophe shook the theory 
to 1ts very foundations. 


3. Light Quanta. 


‘This catastrophe was not brought about all of a 
sudden by an unforeseen discovery, but arose in 
very much the same way as political changes do. 

The great revolution in physics began with the 
work of a single man, Max Planck. By extremely 
careful experiments he showed that in _ certain 
phenomena of heat radiation the observed facts 
cannot be reconciled with the hitherto accepted 
laws of mechanics and optical theory. Once he was 
absolutely convinced of this, he sought to make a 
very trifling modification in these laws, which would 
bring them into agreement with the facts. In Ig00 
he asserted that it is necessary to assume that the 
emission and the absorption of light take place in 
guanta——‘**‘ atoms ’’, we may say——not in arbitrarily 
small amounts (as was possible according to the 
wave theory). And further, for light of a definite 
colour the amount of energy (E) taken in or given 
out by an atom is proportional to the frequency 
(v), so that 

Es AX Y: 
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The number 4 is now known as Planck’s Constant. 
This # is extremely minute; if the energy is 
measured in mechanical units (ergs) and the fre- 
quency is taken as the number of vibrations per 
second, k= 6-5 x 10-2” erg-seconds. As we have 
seen, visible light vibrates about 6 x 1o0!4 times a 
second; Planck’s quantum of energy for this kind 
of light, therefore, is only 6-5 « 10-2? x 6 x 10 
= 4 107!" ergs, an extremely small amount. Yet 
this very minute discontinuity of the process, assumed 
by Planck, had dramatic consequences! Five years 
later Einstein came forward and declared that 
Planck had said far too little. According to him, 
discontinuity does not merely occur in the emission 
and absorption of light; no, light itself by no means 
consists of smooth waves, but is quite discontinuous 
or “* quantized ”’: in short, it behaves like a rain of 
particles: photons or light quanta. 

This is Newton’s old hypothesis again, but 
now armed with quite new experimental facts, 
above all, the observations of the photo-electric 
effect. 

This we have already mentioned (p. 93). If light 
of short wave-length falls on matter, it knocks out 
electrons. The process has been investigated by 
means of photo-electric cells; these are evacuated 
glass tubes with a coating of metal (e.g. sodium) on 
their inner surface, and provided with a quartz 
window which lets through ultra-violet light (52). 
These cells are used for a variety of practical pur- 
poses, e.g. 1n talking films and in television apparatus. 
There are also photo-electric instruments for measur- 
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ing the intensity of light, which photographers find 


useful in estimating exposures. 

Physicists have accurately investigated the con- 
nexion between the number and velocity of the 
electrons emitted and the properties of the light. If 
the intensity of the light is increased, the current of 
electrons emitted by the metal becomes stronger, 
but not, as one might expect, because the electrons 
are more accelerated by the stronger vibrations and 
fly out of the metal more quickly—no, the velocity 
remains the same so long as the colour or, more 
accurately, the wave-length of the light remains the 
same; it is the quantity of electrons emitted that 
increases. If, however, the wave-length of the light 
is altered, the velocity of the emitted electrons is 
altered in accordance with Planck’s law. 

Here it must be noticed that the energy which an 
electron possesses in the interior of the metal is not 
completely available as kinetic energy when it leaves 
the metal; for the electron 1s bound in some way in 
the interior of the metal—otherwise, of course, the 
metal would spit out electrons spontaneously. We 
may say that the energy level of the electron lies 
deeper in the metal than it does outside, so that the 
electron must be raised (as regards energy) 1n order 
to get free (53). The electrons are like people in a 
tube station who can move about freely though in a 
restricted space; but if they want to get up to the 
ground level, they have to go up in the lift or stand 
on the escalator. The motive power of the lift or 
escalator thereby does a certain amount of work, 


which depends on the difference of level. In the 
(8 069) I 
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very same way the electron has to be lifted out of 
the interior of the metal, and a certain amount of 
work (A) is required to do this. Then it is found 
by experiment that the ratio 


E+A 
Vv 


always has the same value. 

Accurate measurements have shown that, for all 
substances and in all circumstances, this value agrees 
with the value of 4 which Planck deduced from quite 
different experiments. 

From the point of view of the wave theory all this 
is quite unintelligible. Why, on this theory, should 
there be so close a connexion between energy and 
frequency? ‘The contradiction becomes still more 
glaring if we observe the photo-electric effect with 
very small metal particles. These are brought be- 
tween charged metal plates as in Miullikan’s oil- 
droplet method (p. go), and the instant of charging 
is revealed by a sudden change in the rate of fall 
of the particle. If the phenomenon took place in 
accordance with the wave theory, an electron of 
definite velocity could never be driven out until the 
metal particle had absorbed an amount of wave- 
energy corresponding to this velocity, plus the work 
required to separate the electron from the atom. 
But this is by no means the case: emission of elec- 
trons is occasionally, though rarely, observed to take 
place as soon as the light is switched on, long before 
the minute particle could possibly have accumu- 


lated enough energy. 


II. MoLecuLarR VELOCITIES 


LIGHT QUANTA 121 


Einstein asserted that this puzzling behaviour 
would at once become intelligible if light were re- 
garded as a rain of particles (photons), whose energy, 
following Planck, is Av. But we see at once that 
such particles cannot be real 1n the sense of having 
mass; for if they had mass and moved with the 
speed of light, their energy would be infinite, as the 
theory of relativity tells us (p. 82). A photon falling 
on an atom can give up its energy to an electron 
instantly and knock it out of the atom. The quantity 
of electrons knocked out by light is accordingly 
proportional to the quantity of photons, and the 
energy of the electrons (less the work required to 
separate them from the atom) is proportional to the 
frequency. 

At first physicists were extremely sceptical about 
this idea; for the wave theory seemed excellently 
confirmed by countless experiments and measure- 
ments. But gradually there accumulated a host of 
experimental facts which immediately became in- 
telligible on Einstein’s hypothesis, whereas the wave 
theory could not do anything with them; and 
these were mostly phenomena in which light was 
transformed into other forms of energy, or con- 
versely. 

We shall discuss two important groups of phe- 
nomena. The first are to some extent intelligible on 
Planck’s original theory, in which the emission and 
the absorption of light take place in quantum jumps. 
The second group, however, raise the problem of 
the quantization of free radiation. 


III. HeERTZIAN OSCILLATOR 
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4. The Spectral Lines of Gases. 


It was the radiation from hot solid bodies that led 
Planck to the idea of quanta of energy. But a solid 
body is in every way a complicated object, a con- 
glomeration of countless atoms crowded together into 
a small space. Hence its radiation 1s a whirl of 
countless differing waves, and it 1s almost a miracle 
that from so complicated a phenomenon it was found 
possible to deduce a fundamental law. ‘There are, 
however, simpler substances, 1n which the atoms or 
molecules are so loosely arranged that they scarcely 
affect one another, namely, the gases, to which we 
always come back. If we wish to find out the pro- 
perties of atoms we shall accordingly be well advised 
to consider the radiation of gases. 

Imagine a schoolboy who has never heard an 
opera before. He and his parents happen to arrive 
too late and must wait for a while outside the closed 
doors. He hears the music going on, the singing 
and theatrical effects, a wild hubbub of clamorous 
noises. If the father says, *‘ Listen, there’s the tenor 
singing ’’, or “* Now that’s a lovely violin solo ’’, 
the boy will gape at him in bewilderment. The 
physicists were 1n a similar position when they first 
investigated the radiation from solid bodies—a sort 
of optical’ music, played by countless unknown in- 
struments behind closed doors. 

A gas, however, roughly corresponds to the 
group of “ first violins ’’ by themselves; instruments 
all of one kind, though still of unknown structure 


and played behind closed doors. 
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At last the doors of the opera-house are opened, 
the novice sees the singers and orchestra and soon 
understands how they co-operate; some day he may 
have an opportunity of handling a violin or a flute 
and finding out how their sounds are produced. 

The physicist can only see his optical orchestra 
with the eye of his imagination. He is very pleased 
if he can pick out a set of instruments of the same 
kind (the atoms of gases) and study their part by 
itself. 

The spectrum of an incandescent solid, produced 
by a grating or prism, contains all the wave-lengths 
of the visible region; it 1s continuous. On the other 
hand, the spectrum of a gas consists of separate bright 
lines, often very numerous. ‘This means that the 
atoms of gases give rise to vibrations of definite 
frequencies, which are propagated as waves of the 
corresponding wave-length. 

This is nothing very wonderful; the same occurs 
in acoustics. ‘Thus a piano string has a definite 
proper note (the so-called fundamental tone) associ- 
ated with ome frequency. By the exercise of a little 
ingenuity, however, it can be made to produce 
higher notes (overtones) in addition to the funda- 
mental tone; now the string vibrates twice, three, 
four, . . . times as fast, giving the octave, octave 
and fifth, &c. Hold down middle C on the piano 
so that the note does not sound, the key merely 
being depressed. Then strike the C in the bass clef 
shortly and sharply. The C which is being held 
down can then be heard sounding on quite distinctly. 


For the lower C contains not only its own funda- 
(E969 ) 12 
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mental tone, but its octave, middle C, as its first 
overtone; the air excited by the string of the lower 
C makes the string corresponding to middle C 
vibrate, and if the tuning 1s good, this string re- 
sponds so strongly (by resonance) that it can still be 
heard when the lower C string is damped down by 
its key being allowed to rise. The same thing can 
be demonstrated with the higher overtones. 

The overtones of the string correspond to vibra- 
tions in which the string divides itself up into 
vibrating portions separated by so-called nodes, 
points which are at rest: one node for the first 
overtone, two for the second, and so on (54). 

Some other instruments, such as bells, have 
overtones whose frequencies are not exactly twice, 
thrice, . . . that of the fundamental, so that their 
vibrations are much more complicated. 

How far does the analogy apply to optics? Per- 
haps the spectral lines are just the fundamental tone 
and overtones of the atoms, which are vibrating like 
elastic bodies? 

This idea is such a natural one that it has been 
thoroughly investigated, but with entire lack of 
success. For the lines in the spectra of gases have 
an appearance which cannot arise from the vibra- 
tions of any elastic body. 

At first sight the lines appear to be in such con- 
fusion that they seemingly follow no rule (see, for 
example, the illustration of part of the spectrum of 
iron * (Plate II(a), facing p. 246). 


* This photograph is reproduced by permission of Adam Hilger, Ltd., 
from whom copies of the original can be purchased. 


SPECTRA OF GASES 125 


In the end, however, it was found possible to 
bring order into this confusion in the case of 
hydrogen, which, as the lightest atom, is presumably 
the simplest. Ifa Geissler tube is filled with hydro- 
gen, it gives a line spectrum (Plate II(4)) whose lines 
follow a simple rule. Balmer discovered this rule, 
which we shall have to discuss later (p. 177). 
Then it was found possible to obtain similar laws 
for atoms which have one loose electron, that is, 
behave as monovalent positive ions in solution; 
these are the alkali metals already mentioned, lithium, 
sodium, potassium, &c. The lines of a gas of this 
kind form so-called sertes, whose regularity is at 
once obvious when one succeeds in observing them 
alone or picking them out of the confusion of other 
lines. Plate II(c) (potassium spectrum) shows a series 
of this kind. It immediately suggests overtones, 
and yet there is a fundamental difference: the lines 
move closer and closer together and are clearly 
piling up towards a limit beyond which no more 
lines of the series are to be found. Acoustic 
overtones never do this, for the frequencies of the 
elastic vibrations of any body or system of bodies 
form a series which has no end, just as in the 
very simple case of the piano string where the 
series 1s the succession of numbers I, 2, 3,.. - to 
infinity. 

In the case of the spectral lines, however, another 
simple law has been discovered, called Ritz’s com- 
bination principle, after its discoverer. ‘This 1s best 
seen in groups of lines which obviously are closely 
related, so-called ‘‘ doublets ”’ or “ triplets’. Thus 
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in incandescent sodium vapour there occur doublets 
with the wave-lengths 


(8194°94 X 1078 cm. 
(8183-31 X 10-8 cm. 
and 
eae <10-° cm. 
§882-90 xX 10°8 cm. 


If we calculate the frequencies of these, by dividing 
the velocity of light, 3 x 10! cm./sec., by the wave- 
lengths, we obtain exactly the same difference each 
time, and this very difference also occurs with a 
great number of other pairs of lines. This relation 
can be illustrated by the accompanying diagram (5 5), 
in which the frequencies are represented by vertical 
lines, in the case of a doublet always starting from 
the same height. The two end-points are placed 
so that the equality of the differences is obvious: 
the ends of the lines lie on two horizontal straight 
lines. Analogous diagrams can be made for triplets, 
quartets, &c. 

From this the following general rule naturally 
results. For a definite atom it is possible to draw a 
number of horizontal straight lines, or /evels, and 
we can then represent all the frequencies of its 
spectral lines as vertical distances between these 
levels. The numbers determining the positions of 
the levels are of course fewer than the frequencies. 
In the above example there are five levels and six 
frequencies, but often the number of lines 1s con- 
siderably higher than the number of levels. By no 
means all the combinations of levels in pairs, how- 
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ever, appear as lines in the spectrum. We shall give 
diagrams of levels later; the reader may like to 
glance at these, say at that of hydrogen (p. 178), 
in order to get an idea of the arrangement of the 
levels in different series and of the spectral lines 
shown as the lines joining the levels. 

The positions of the levels can be given on a 
frequency scale, in which the absolute value, that 
is, the number associated with the lowest level, is 
quite undetermined. ‘These level-numbers are also 
called terms, and the combination principle is then 
stated as follows: each atom has a number of terms, 
a term-diagram, and every spectral line is the dif- 
ference of two terms; the frequency of the line is 
equal to the upper term less the lower term. This 
principle of Ritz’s has proved unfailingly correct in 
the analysis of innumerable spectra, in the visible 
region and also in the infra-red and ultra-violet, not 
to mention X-rays and y-rays. But what- does it 
mean? 


5. Bohr’s Theory of Spectral Lines. 


In 1913 Bohr recognized the connexion between 
Ritz’s principle and Planck’s quantum theory, first 
in the case of hydrogen and later quite generally. 
He did not, like most physicists, spend his time in- 
vestigating and hesitating about the correctness of 
Planck’s assertion that the emission and absorption 
of light take place in jumps of energy. Instead of the 
statement 


Energy emitted 


Frequency = 7 ; 
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Bohr wrote the equivalent statement 


Einergy of Atom before Emission 
h. 


__ Energy of Atom after Emission 
Sa ea 


Now we have merely to combine this with Ritz’s 
principle in order to reach the conclusion that 


Frequency = 


Sie Einergy of Atom 
A > ] 
or 


Finergy of Atom == Term x h. . 


‘The meaning of this formula is that each atom exists 
in a number of states, which Bohr called stationary 
states, each of which has a definite energy. ‘The 
energy of the atom can change, by absorption or 
emission of light; then the frequency of the light 
is equal to the energy-difference of two stationary 
states, divided by 2%. 

Of course Bohr’s assumption contradicts ordinary 
mechanics. If the atoms were subject to the ordinary 
laws of mechanics, energy could be pumped into or 
out of the atom in as small quantities as we pleased. 
The fact that Bohr’s theory denies this is, however, 
a great advantage; for quite a primitive argument 
shows that the atoms cannot be mechanical systems, 
like the sun and its planets. At normal atmospheric 
pressure an atom collides with other atoms over 
100 million times a second. Yet its spectral lines are 
sharp, and their frequency is unaltered. Imagine, 
on the other hand, what would happen if our 
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planetary system should meet a fixed star, say Sirius, 
merely passing near it—not to mention actually 
colliding with it! All the planets would be hurled 
out of their orbits, all their periods of revolution 
would be altered—and that at a single encounter 
with another mechanical system. 

‘The atoms, however, exhibit colossal stability and 
resistance to collisions, such as are never exhibited 
by the ordinary mechanical systems which we are 
familiar with in our immediate neighbourhood. 

If Bohr’s ideas are right, this stability at once 
becomes intelligible. For the atoms in their natural 
state will be in the lowest and most stable energy 
level (ground-state); the minimum energy which 
will throw them out of it is that corresponding 
to the distance between the lowest level and the 
second level. From the term-diagram, however, 
we see that this is very larye compared with the 
thermal energy of the atoms flying around. Hence 
collisions between atoms are not sufficient to throw 
an atom out of the ground-state or, as we say, to 
excite it. 

In addition, Bohr’s theory immediately explains 
the fact that the emission spectrum of a gas contains 
many more lines than the absorption spectrum. We 
get an absorption spectrum if we look at an in- 
candescent body, which is emitting light of all fre- 
quencies, through the cool gas. Then certain lines 
appear dark against the bright continuous spectrum. 
The Fraunhofer lines in the sun’s spectrum (Plate 
IlJ(a), facing p. 250) form an example: they are due 
to the absorption of the light from the central body 








Emission 
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of the sun in the cooler outer layers of the sun’s 
atmosphere. 

The cool, unexcited gas is in the ground-state; 
hence only those lines can be absorbed which arise 
from transitions from the ground-state to higher 
states. On the other hand, an atom which 1s excited 
in a higher state can emit many more lines, not 
only those which lead back directly to the ground- 
state, but also those which lead to any of the inter- 
vening states; and from these the atom may return 
by further steps to the ground-state (56). 

This idea of excitation being necessary before an 
atom can radiate proved extremely fruitful in ex- 
plaining the phenomena of light emission and in 
the development of electric lighting (neon lamps, 
&c.); for it gave information about the conditions 
under which certain lines were to be expected. 

Thus, for example, atoms can be made to emit 
light by shooting electrons at them. By varying the 
velocity of the electrons it is possible to supply 
more or less energy to the atom. These experiments, 
first carried out by Franck and Hertz, yielded con- 
clusive proof of the correctness of Bohr’s theory. 
For they showed that as long as the energy of the 
bombarding electrons 1s smaller than that corre- 
sponding to the first stage of excitation, nothing 
happens at all; the atom does not emit light, and the 
electrons rebound from the atoms without loss of 
energy. As soon as the electronic energy rises a 
little above this level, however, the first line appears. 
We have the wonderful phenomenon, previously un- 
known, of the one-line spectrum. As the energy 
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of the bombarding electrons is increased further, 
the lines appear in the order given by the term- 
diagram (Plate Il(e), facing p. 246). We can even 
measure the energy lost by the electrons on collision 
and compare it with the term-value: complete agree- 
ment has always resulted—except that as a rule the 
optical measurements are much more accurate than 
the electrical ones. 

Bohr’s interpretation of the terms as energy levels 
gets rid of the arbitrariness of the zero point, which 
we mentioned above (p. 127). The levels become 
closer and closer as we go up; they approach a 
limit. This can clearly be seen from the diagrams of 
the lines of a series (see, for example, Plate II(4), (¢)) 
and the term-diagram (57). Beyond the limit there 
is a region of continuous absorption. The mean- 
ing of this is clear. If more and more energy is 
supplied to the atom, an electron will finally fly out. 
The limit of the series of terms corresponds to the 
work required to separate the electron from the 
atom, that is, the energy required to ionize the 
atom. As a rule this 1s taken as the zero point, and 
the stages of excitation below this are counted 
negative; then the ground-state has the greatest 
negative energy value. The continuous absorption 
spectrum beyond the limit means that as the electron 
flies off it can carry any amount of kinetic energy 
away with it. 

Even before Bohr put forward his theory an 
immense amount of spectroscopic data had been 
accumulated. These data had been collected because 
all physicists felt that here a great secret lay hid. 
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By one stroke of genius the secret was laid bare, 
and order was brought into the chaos of numbers 
and observations. 

This, however, was only the first step; the next 
problem was, how do the energy levels of the atom 
arise? Ordinary ‘‘classical’’ mechanics tells us 
nothing. New quantum mechanics must be devised. 
Here again Bohr himself made the first advance. 
In Chapter IV we shall come back to this. It 
is very remarkable that the whole structure of a 
new mechanics, known as guantum mechanics, was 
gradually built up merely by better and better 
interpretation of facts about spectra. In 1925 
Heisenberg put forward a decisive idea; this was 
seized on by Jordan and myself, who worked out 
the appropriate mathematics, the so-called matrix 
mechanics. 

You may wonder how this came about. A student 
occasionally goes to lectures about abstruse subjects 
just for fun and speedily forgets all about them. This 
is what happened to me with a lecture on higher 
algebra, of which I recollected little more than the 
word ‘“* matrix ’’’ and a few simple theorems about 
these matrices. But that sufficed. A little playing 
about with Heisenberg’s physical formula showed 
the connexion. ‘Then it was an easy matter to refresh 
my memory and apply the results. This form of 
quantum mechanics, which was also brought to a 
high degree of perfection by Dirac quite inde- 
pendently, is not only the earliest form of quantum 
mechanics, but perhaps also the most fundamental; 
but it is so mathematical and abstract that it cannot 
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be made intelligible without the use of mathematics. 

We shall accordingly drop this whole train of 
thought for the time being and return to it later. 
Meanwhile we shall turn to other phenomena which 
provide an easier approach to the new mechanics of 
the atom. 


6. A Photo-electric Game of Billiards. 


We discussed the scattering of light when we 
attempted to explain the nature of the blue of the 
sky and the red of the sunset (p. 38). There we 
used the illustration of a ship in rough water, which 
is made to pitch and roll by a train of waves and 
gives rise to secondary waves. 

We can nowunderstand the process better from the 
point of view of the electromagnetic theory of light. 
The atom or molecule 1s a structure containing elec- 
trons; somewhere in its interior it must contain a 
positive charge balancing them. If the atom comes 
into an electric field, the negative electrons are 
pulled to one side and the positive nucleus to the 
other; thus the two electric charges are separated, 
giving rise to a dipole, just as in the charged Hert- 
zian antenna (p. 116). 

Now a light-wave is nothing but an advancing 
alternating electromagnetic field. If this grazes the 
atom, it gives rise to a dipole which vibrates in 
unison with the light-field. This dipole then emits 
the spherical scattered waves described previously. 
‘“Oh yes, then the air, and indeed every body, must 
always scatter light—but we said before that scatter- 
ing is associated with variations of density of the 
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atoms?’’—Both statements are true, but we must 
remember the existence of interference. Each 
separate atom scatters light; but if the atoms are 
distributed with perfect uniformity, the scattered 
waves interfere and cancel one another. This can 
be explained by an argument similar to that used to 
explain the sharp boundaries of shadows (p. 112): 
if a hole in a screen is many times greater than the 
wave-length, the secondary waves produced at the 
hole by the wave-crests and wave-troughs annihilate 
one another in the region of shadow, and reinforce 
one another elsewhere. In exactly the same way, the 
scattering of light by atoms distributed uniformly 
in space only results in a trifling change in the light 
passing through (namely, in its velocity and inten- 
sity), but gives no appreciable intensity of light in a 
lateral direction. If, on the other hand, the distri- 
bution of the particles 1s irregular, the light scattered 
laterally 1s not completely destroyed, and the blue 
of the sky results. 

The point we are concerned with here 1s this. 
According to the wave theory, the wave-length of 
the scattered light must be exactly the same as that 
of the incident light. Frequency and wave-length 
must be unaltered by scattering. 

In reality, however, there are cases where this 
does not happen, namely, with light of very short 
wave-length (X-rays). ‘The discrepancies are only 
small; but it is the distinguishing mark of a good 
scientist that he pays attention to small discrepancies, 
observes them accurately, magnifies them and elu- 
cidates them until he has clearly worked out a defect 
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in the accepted theory. Then the way to a new dis- 
covery lies open. 

Compton investigated the scattering of X-rays by 
paraffin wax, and found that the rays scattered side- 
ways or backwards have a wave-length slightly 
greater than that of the original radiation (Plate 
IV(a), facing p. 254). On the wave theory this is 
unbelievable. For at bottom it should be just a 
matter of a mechanical process resembling the steady 
shaking of a plum tree, when of course all the twigs 
shake in the same rhythm. 

Compton recognized, however, that the phe- 
nomenon is immediately intelligible on the photon 
hypothesis. 

Paraffin wax is a substance consisting entirely of 
light atoms, carbon and a great -deal of hydrogen. 
In these light atoms the electrons are held com- 
paratively loosely, so that the atoms are easily 
ionized. In addition, an X-ray photon is very power- 
ful; its energy is 4 times the frequency, and the 
frequency is perhaps 10,000 times that of visible 
light. With an impact of this magnitude the effect 
of the binding of the electrons is altogether negli- 
gible. In this process the block of paraffin wax may 
be regarded as a collection of free electrons. 

Now we simply have a kind of billiards with two 
different balls. One ball is an electron in the paraffin 
wax; it is almost at rest. The other ball is the 
photon rushing at it (§8). 

If a collision takes place, the balls fly apart, accord- 
ing to the laws of mechanics; the electron receives 


kinetic energy. As the total amount of energy must 
(B 969) K 
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remain the same, the rebounding photon must have 
less energy than before. By Planck’s law, this means 
that it has a lower frequency, that is, a longer wave- 
length. 

What we have pictured qualitatively here is not 
difficult to work out quantitatively, even when the 
relativistic change of mass (p. 82) is taken into 
account. 

Observation has completely confirmed the laws 
obtained in this way. In particular, the recoil elec- 
trons can actually be observed. If the paraffin wax 
is replaced by a gas, the tracks of the recoil electrons 
can be made directly visible by means of the Wilson 
chamber. ‘The photon cannot be seen flying away, 
but often it liberates an electron photo-electrically 
from the wall of the chamber. This is visible as a 
cloud track and its direction is that of the photon. 
‘The latter must bear a definite relation to the direc- 
tion of the recoil electron. ‘This, too, is verified by 
experiment. Further, electrons and photons (or 
rather, the secondary electrons produced by the 
latter) can be caught in separate counting arrange- 
ments, and it is found that the two counters are 
affected exactly at the same instant. Finally, the 
absolute magnitude of the change of wave-length 
agrees with the calculated value. ‘he latter is deter- 
mined by a single number, namely, the change in 
wave-length when the photon is deflected at right 
angles to its original direction. ‘Theory gives this 


value as ——~, where m is the mass of the electron. 
mc 


This is a length, which is called the Compton wave- 
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length; when the numerical values are inserted it 
is found to be 2°42 x 10718 cm. This, too, is in 
good agreement with the experimental results. 

There is thus no doubt that the photons behave 
like billiard balls when they collide. On the other 
hand, there is just as strong evidence that light 
behaves like waves. 

This is a horribly awkward situation for a science 
which rather prides itself on its rational modes of 
thought. 

At first scientists met the difficulty in a purely 
intuitive way. They found that in certain phenomena 
the wave ideas were appropriate, in others the 
photon ideas. As Sir William Bragg has said, “‘ On 
Mondays, Wednesdays, and Fridays we adopt the 
one hypothesis, on Tuesdays, Thursdays, and Satur- 
days the other’’. The first group of phenomena de- 
pended on the distribution of light intensity in space, 
like interference bands, the resulting spectra, and so 
on; the second group, on the transformation of light 
energy into other forms of energy, or conversely. 
But there are some experiments in which both ideas 
are found necessary at the same time. For example, 
instead of looking at a system of interference bands 
with the eye, it is possible to make a small counting 
apparatus pass over them and count the electrons 
photo-electrically liberated by them in the tube 
(from the walls or the gas within it), Then we 
obtain many electron impacts just when the count- 
ing tube is over a bright band, and few when it 1s 
over a dark: band. 

There is no difficulty in uniting the two aspects 
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if the illumination of a screen showing interference 
bands is so strong that the number of photons 
falling on unit area of the screen during the time of 
the observation is very large. ‘Then it is clear that 
this number, multiplied by the energy (Av) of one 
photon, must give exactly the intensity of the light 
deduced by calculation from the wave theory. Where 
this intensity is strong, that is, in the bright 1inter- 
ference bands, many photons arrive, whereas in the 
dark bands, no photons, or only very few, arrive. 
‘The illumination as determined by the waves regu- 
lates the supply of photons, but the dynamical 
action of the light, in liberating electrons, say, 1s 
given by the energy of the single corpuscle, the 
photon. 

So far everything is simple. The intrinsic difficulty 
of reconciling the wave aspect and the corpuscular 
aspect only arises when we have to deal with very 
feeble illumination, where the total energy of the 
light falling on the screen during the time of obser- 
vation is not much greater than the energy of a 
single photon. 

‘The photon must arrive somewhere on the screen; 
but wherer Has the light-wave some properties, as 
yet undiscovered, which regulate the path of the 
photon by causal laws? Certainly we know of no 
such property. And observation shows that the 
electrons struck out from a metal surface by feeble 
light appear at random; their distribution in space 
and time follows the laws of probability, with the 
sole restriction that for long runs, that is, for strong 
light or long periods of observation, the mean dis- 
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tribution exactly follows the law predicted by the 
wave theory. 

This fact can be expressed by the statement that 
the intensity of the waves at a given place deter- 
mines the probability of finding a photon there. For 
the expression “* probability of an event’’ simply 
means the number of cases where this event happens, 
averaged for a very long run. 

It has been said that the electromagnetic waves 
have consequently been degraded to play the part 
of “‘ waves of ignorance ”’. I should say the opposite 
is true. ‘They give everything which can be said 
with certainty about the appearance of photons, 
namely, the average number of these particles; it 
would be better to call them ‘“‘ waves of partial 
knowledge ’’. Here the word “ partial ”’ 1s important. 
For our line of thought suggests that the wave aspect 
and the corpuscular aspect cannot be unified without 
our giving up the idea that everything can be pre- 
dicted from causal laws. We may suspect that the 
fundamental ideas of physics on “‘ cause and deter- 
minism ” need a very thorough revision.—-But first 
a still greater catastrophe was to come. 


7. Electron-waves. 


Many peopl¢ say that the only use of a theory is 
to spur on the investigator to fresh researches. I 
am not of this opinion. As I have already emphasized 
repeatedly, no experiment has any meaning at all 
unless it is interpreted by the theory. I do not say 
a theory, but she theory. For it is only to onlookers 


that contradictory theories appear to contend with 
(E969) K 2 
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one another and to have their spells of authority. 
Granted, this contradiction often appears to occur; 
but this is only due to the fact that, at the moment, 
the facts are not sufficient to permit of a definite 
decision. So long as this is so, both theories are 
really equally justifiable, and so far as the realm of 
observable phenomena is concerned they are just 
different forms of the same theory. The mathe- 
matician says that one can be “ transformed ’”’ into 
the other. 

As an example we may take the dispute over the 
question whether electrical forces act at a distance 
or through a medium. At the beginning of the nine- 
teenth century most physicists, particularly on the 
Continent, asserted that the electric force acts 
through the empty space between two charges 
(“action at a distance ’’). Faraday, however, de- 
veloped the idea that the electric field is due to 
something which happens in the space between the 
charges ("‘ action through a medium ’’). The con- 
troversy over this question was a bitter one, as 
always happens with matters which cannot be settled 
once and for al]. For the mathematicians proved 
beyond any doubt that both representations are 
exactly equivalent and must always give the same 
results—-so long as experiments were not sufficiently 
accurate to decide whether electrical disturbances 
were propagated instantaneously or required a finite 
time. As soon as Hertz had shown by the discovery 
of his waves that the velocity of propagation is finite, 
the quarrcl died down of itself. 

We are therefore convinced that there is only one 
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stage of approximation there are several possibilities 
of advance, round which disputes rage until a new 
discovery settles the matter one way or the other. 

It often happens that a theory has astonishing re- 
sults, namely, 1t can predict quite new phenomena, 
of which the experimenter would never have thought. 
The theoretical physicist must also consider the 
possibility of improving and refining the still in- 
complete and ambiguous theory. This “‘refinement”’ 
is a curious thing: in actual fact, a sort of zsthetic 
feeling plays no small part in the deliberations of 
the theoretical physicist. Thus, for anyone who has 
a command of mathematics, Einstein’s theory of 
relativity seems more complete and satisfying, in- 
tellectually, and so more beautiful, than Newton’s 
mechanics. I believe that this feeling really arises from 
the removal of an arbitrariness and ambiguity in the 
older ideas, which was felt as a disturbing influence. 

One of the most astounding prophecies was made 
by de Broglie in 1925. His train of thought was this: 

In optics there is the antithesis of wave and 
photon. That a hundred years ago people believed 
in waves only, was because the phenomena of inter- 
ference are comparatively simple to observe. The 
photo-electric effect, on the other hand, required 
the whole resources of modern electrical engineer- 
ing, and was therefore long in being discovered. 

In the case of the cathode rays and other electrical 
rays the experiments forcibly suggested the cor- 
puscular idea from the very beginning. Is it neces- 
sarily true that here the wave idea is quite off 
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the track? Should not the antithesis of wave and 
particle apply to the electron also? 

De Broglie proceeded to deduce the consequences 
of this bold idea, using all the facts which were known 
in the case of light. 

In the first place, he had to take account of the 
theory of relativity. According to it, lengths and 
intervals of time have to be modified in certain 
ways if we pass from one frame of reference to 
another (moving uniformly). In this transformation, 
lengths and intervals of time occur symmetrically. 
Now the period of a vibration of light (7) is an 
interval of time; it is the reciprocal of the number 
of vibrations per second, and Planck’s law can be 
expressed in the form 


Er = &. 
By the theory of relativity, this interval of time, the 
““ period ”’ of the light vibration, must have an 


analogous spatial quantity corresponding to it. What 
can this be? Obviously the spatial period of the 
waves, i.e. the wave-length. What corresponds to 
the energy, then? We again turn to the theory of 
relativity for guidance and learn that the energy (E) 
and the momentum (Pp) of a particle go together; in 
the passage from one frame of reference to another 
they are transformed in the same way as intervals of 
time and lengths. We are therefore led to suppose 
that in addition to Planck’s law there is another law, 
de Broglie’s law, namely, 


Momentum < Wave-length = 2, 
or DA = fh. 
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But in the case of light this is nothing new. For we 
have seen that the momentum of a light-wave is 
equal to its energy divided by the velocity of light 


(p _ =) on the other hand, the wave-length is 


equal to the period multiplied by the velocity of 
light (A= 7c). In the product pa the velocity of 
light cancels out and we are left with Planck’s law. 

It is otherwise when we are dealing, not with 
light, but with electrons. In the first place, their 
velocity is only a fraction of the velocity of light. 
In the second place, the energy and the momentum 
do not depend in such a simple way on the velocity. 
It follows that here de Broglie’s law will tell us 
something new. 

We now imagine that the electron has a wave 
accompanying it, the de Broglie wave, which bears 
the same relation—still an obscure one—to the 
electron as the light-wave bears to the photon. 

For any wave motion whatever, the velocity of 
propagation (#) is given by 


vA = —— uw, 


ale 


where v is the frequency, A the wave-length, and « 
the wave-number, 1.e. 1/A, or the number of waves 
per unit length. 

We can multiply the numerator and denominator 


by 4, and we then have 
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by the formule of Planck and de Broglie. On the 
other hand, the theory of relativity enables us to 
express E//p in terms of the velocity of the particles; 
for E is mc?, and p is simply mv, so that E/p is c?/v, 
giving 


“= or 4Vv =  c?. 


O1 


In this way we get uw, the velocity of the de Broglie 
wave, in terms of v, the velocity of the particles. For 
light the denominator is equal to one of the factors 
of the numerator, so that in this case the velocity 
of propagation again comes out as the velocity of 
light. 

In the case of electrons, however, the velocity of 
the particles 1s always less than the velocity of light. 
Hfence it follows that the de Broglie guiding wave 
(‘‘ pilot wave ’’) travels faster than light. ‘This 
seems an unhappy result; for the whole theory of 
relativity depends on there being no measurable 
velocity greater than that of light. In reality, how- 
ever, this is the clue to the right understanding of 
the remarkable dual entity of wave and corpuscle. 
To see this we must consider the idea of a wave 
somewhat more closely. 


8. Vave Groups and Group Felocity. 


Hitherto we have talked in a very vague way 
about waves, meaning any vibratory motion which 
is propagated. We must now express ourselves 
more accurately. 

If we ascribe a definite time-period and a definite 





GROUPS OF WAVES 145 


wave-length to a wave, we are really referring to a 
special kind of wave, which we should more accurately 
describe as a simple harmonic wave—and which does 
not really exist in Nature at all. We can represent 
this wave on a piece of paper, taking the direction 
of propagation to the right and the wave amplitudes 
upwards (59). 

The wavy curve thus obtained is unbounded in 
both directions, and is completely determined by its 
wave-length and amplitude. If we think of this 
wavy curve as advancing uniformly, say to the right, 
we have a progressive simple harmonic wave, which 
goes on for all time, with a definite velocity of pro- 
pagation and a definite period, at every fixed point. 

This indefinite extension in space and time is 
really part of the concept of a simple harmonic 
wave. Only then is there any sense in distinguishing 
the wave by giving its wave-length and period (as 
well as the amplitude). 

Every other kind of wave-motion, such as one 
which starts at a certain point and stops at a certain 
point, requires many more data to describe it—the 
first and last points at least. 

When we have spoken of waves hitherto, we have 
always tacitly meant these simple harmonic waves. 
It is, however, unfortunate that such do not exist 
in Nature—or only approximately; in the case of 
light, for example, we have wave-trains extending 
to two or three millions of simple harmonic periods. 

Simple harmonic waves, then, are just an ideal 
limiting case, a useful concept for analysing more 
complicated wave effects. 











(62) 
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Simple harmonic waves cannot carry a signal. 
They are smooth as oil and each wave-crest is exactly 
like every other, and they go on monotonously for 
ever. Hence they may very well travel faster than 
light, for the theory of relativity would only be con- 


tradicted if they could be used to send distinguishable 


signals for the comparison of clocks. 

As we have seen, de Broglie’s wave has a velocity 
greater than that of light; we have ascribed to it 
definite space and time periods, that is, we have 
regarded it as a simple harmonic wave. Then the 
contradiction to the theory of relativity disappears. 
A new difficulty arises: if the association of particle 
and wave is to be possible, the particle must move 
uniformly in a straight line. But it certainly started 
its motion at some point and it will certainly end it 
at another point. Thus we are forced to ascribe a 
beginning and an end to the pilot wave. Hence 
it cannot be a simple harmonic wave. It is certain, 
therefore, that the association of particle and wave 
is nothing but an approximation which corresponds 
to an ideal case. We must try to get a little closer 
to the reality. 

To do this we must consider how a number of 
simple harmonic waves are combined and what the 
result is. In the first place we consider a wave at a 
definite instant; in a sense we think of a snapshot 
of the wave. The amplitudes then form a certain 
curve, like the three curves shown in figure (60). 
All three begin at a certain point and end at another 
point. The uppermost curve still exhibits a definite 
wave-like character; a period can be recognized, In 
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the second, very little trace of this is left, and the 
third is just a kind of hump, with no sign of periodic 
repetition. 

Now we take a crowd of simple harmonic curves 
differing in wave-length and amplitude and super- 
pose them, that is, we simply add their amplitudes. 
We then obtain all manner of curves—of which we 
give an example opposite (61). 

About a hundred years ago the mathematician 
Fourier excited great attention and loud controversy 
by his assertion that, by suitable choice of a great 
many simple harmonic curves, any prescribed curve 
whatever can be represented as closely as desired as 
the sum of simple harmonic curves. 

This seemed perfectly unbelievable. What about 
curves with sharp corners, like the one in (62)? 

Yet Fourier was able to prove with mathematical 
strictness that his assertion holds good in every case. 
True, to represent sharp corners decently, we must 
have a very great number of superposed simple 
harmonic curves; but figure (64), p. 148, shows that 
with not too large a number of curves it is possible 
to obtain at least a similar curve with rounded corners. 
One thing is clear: the more a curve deviates from 
the shape of a simple harmonic curve, the greater the 
number of simple harmonic curves which must be 
combined in order to represent it. There is a simple 
theorem about this, which enables us to estimate, 
at least roughly, how many simple harmonic curves 
are required. It is as follows: 

A curve which exists only in a definite interval of 
space, and outside this interval is zero, does not 




















(64) 
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require curves of all possible wave-lengths for its 
representation, but chiefly those whose wave- 
numbers (numbers of waves per unit length) lie in 
a definite region. Here the word “ chiefly ’’ means 
that the waves which do not fall into this region are 
very feeble. We shall ignore them. Further, we 
have the qualitative statement that the product 
(Extension of the Curve in Space x Interval of 
Wave-numbers) is approximately equal to I, or, in 
other words, these two quantities are the reciprocals 
of each other. 

This theorem is an abstract expression of the 
physical phenomenon of diffraction at a slit. We 
have seen (p. 110) that the breadth of the slit and 
the breadth of the diffraction pattern on the screen 
are inversely proportional to one another (63). If 
the intensity of the light passing through the slit is 
represented by a curve, it is of exactly the same type 
as that described above. The diffraction pattern, 
however, is the decomposition into simple harmonic 
waves; for it arises from the superposition of the 
elementary spherical waves coming from the different 
points of the slit. This mathematical law therefore 
immediately explains why a narrow slit gives a broad 
diffraction pattern. 

Instead of trains of waves at rest, we shall now 
consider progressive waves. So long as they all 
have the same velocity, the figure obtained by their 
superposition just moves forward as a whole. This 
is true of light. A ‘“‘ packet’”’ of plane simple 


harmonic waves moves on through space un- 
distorted. 





(63) 
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With electron-waves it is not so. Here simple 
harmonic waves of different wave-lengths have 
different velocities. Owing to this, the figure 
obtained by superposition is distorted in an ex- 
tremely complicated way. And yet a simple law 
holds good even here. 

We shall consider the case where there are only 
two waves of almost equal wave-length and hence of 
almost equal velocity. This case is shown in Film 
IV, which illustrates the two simple harmonic 
waves and the wave obtained by their superposition. 
Here we have the phenomenon of Seats, with which 
everyone is probably familiar in the acoustic case. 
If, for example, a piano is badly tuned, so that the 
two or three strings belonging to the same note are 
not vibrating at exactly the same rate, the tone is 
heard to quaver, increasing and diminishing in 
loudness. ‘The same is shown in the “‘ film’. We 
see that the wave resulting from the superposition 
has periodic fluctuations of amplitude; to show this 
clearly, the maxima are joined by a curve, which 
again has the form of a simple harmonic wave, of 
long wave-length. If we were dealing with light 
‘(or sound), where both of the, primary waves advance 
at the same rate, this beats-wave would move at the 
same rate and produce the fluctuations of intensity. 
On looking at our moving pictures, however, we 
notice at once that this is not so: the primary simple 
harmonic waves move with slightly different speeds, 
the longer wave more rapidly than the shorter, and 
as a result the beats-wave moves much more slowly 


than either. 
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Exactly the same thing happens if we have, not 
two primary waves, but a whole “ group ”’ of waves, 
a “* wave-packet ’’, the wave-lengths of which are 
all confined to a narrow interval. Then by Fourier’s 
theorem (p. 147), the whole wave-packet is fairly 
extended in space, just as the single beats ‘‘ hump ’”’ 
in the case of two primary waves is long compared 
with their wave-lengths. The velocity of the whole 
packet, the so-called group velocity, however, is much 
smaller than the velocity of the individual waves, 
provided that this increases with the wave-length. 
To distinguish them, the latter velocity is called 
the phase velocity. 

De Broglie made use of these facts to give a 
more accurate description of the relation between 
the motion of the electron and the pilot wave. He 
actually worked out the group velocity and found 
that it is less than that of light and exactly equal 
to the velocity of the electron—a result as astonish- 
ing as it is gratifying. “he simple harmonic waves 
are obviously a mathematical fiction—they extend 
indefinitely and move with a velocity greater than 
that of light. Actually the uniformly moving electron 
has associated with it a group of waves with an 
extremely narrow range of wave-lengths (and hence 
a great extension in space), and this group keeps 
step with the electron, moving along with it with 
the same velocity. But what is the meaning of the 
extension of the wave-group in spacer Before we 
answer this question—we have, I think, indulged in 
plenty of theoretical speculation about 1t——we prefer 
to find out first whether cases actually occur in 
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Nature where the electron-waves can be detected 
experimentally. 


9. Lhe Experimental Detection of Waves of Matter. 


The electron-waves were not at first systematically 
sought for, but were discovered as a by-product of 
experiments with quite a different aim. Davisson 
and Germer were occupied with investigations on 
the reflection of electron beams by metals. Quite 
remarkable irregularities in the intensity of reflec- 
tion showed themselves. Elsasser first hit on the 
idea that there might be a connexion between these 
observations and de Broglie’s hypothesis. The 
lattice or grating of metal atoms forms the connect- 
ing link. For we have seen already that the regular 
configurations of atoms which we call crystals act 
like artificial gratings, giving rise to interference 
patterns when light passes through them. In general, 
however, pieces of metal are not themselves crystals, 
but consist of a confused mass of very minute 
crystals. Hence the interference patterns produced 
when X-rays pass through a layer of metal are not 
simple bands or spots, but rings; a single little 
crystal produces an interference spot in a definite 
position relative to the incident ray, and the spots 
arising from all the little crystals coalesce into a 
bright circular ring. 

Plate III(4), facing p. 250, shows one of these 
photographs for X-rays, and Plate III(c) a corre- 
sponding photograph for electron waves. This was 
not taken by the Davisson-Germer reflection method, 


but in exactly the same way as the X-ray pHote ape 
(5 969) 
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by making cathode rays pass through thin metal foil 
and fall on a photographic plate. We see that the 
two pictures are very much alike and immediately 
suggest an analogy between the two phenomena. If 
one arises from interference, so must the other. 
But, if there is interference, the cathode rays must 
have a wave character! More than this, de Broglie’s 
law, which may be stated in the form 


Wave eno = Planck’s Constant 
& Momentum of Electron’ 


is actually confirmed quantitatively. For it is very 
easy to accelerate or retard electrons, that is, to alter 
their momentum, by making them pass through an 
electric field, say between the cathode and a grid. 
If the momentum is doubled, the wave-length must 
fall to half and the interference rings must likewise 
shrink to half their size. This is actually what 
happens. From the size of the rings we can conclude 
that the wave-length of the electrons is of the same 
order of magnitude as that of X-rays. As we can 
also measure the velocity of the electrons, we have 
all the data for testing whether Planck’s constant is 
really obtained from the formula, and the result 
comes out right. 

Looking back over the development of electron 
theory, we must wonder why electron interference 
was not discovered earlier; for any number of 
physicists had made observations on the passage of 
electrons through sheets of metal! Really it is a 
piece of good luck that they overlooked the rings. 
For otherwise what confusion would have arisen! 
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Two parties would have arisen, the “ corpuscle ”’ 
party and the “‘wave’’ party. They would have 
disputed with all the heat and passion which always 
come to the surface when genuine arguments are 
wanting. And at that time—say thirty years ago— 
conditions were not ripe for the recognition that 
perhaps both parties were in the right. Within the 
science which prides itself on being the most exact 
of sciences, we should have had a state of affairs 
known only in connexion with religious, philo- 
sophical, or political questions. ‘* Particle-man ”’ 
would have been a term of abuse among wave- 
fanatics, just as the word “ Bolshevik ’”’ 1s among 
Fascists and vice versa. By good fortune the history 
of the human mind has been spared this disgrace. 

Does the dual entity of wave and particle exist for 
electrons only? For there are other forms of material 
rays—beams of ions of every kind, and even of 
neutral atoms or molecules, such as we mentioned 
in Chapter I (p. 28). Should not these genuine 
material rays also give interference patterns under 
suitable conditions? 

This does really happen. For example, Stern has 
produced molecular beams of hydrogen and helium 
and let them be reflected at a small angle from the 
surface of a crystal. Then the ordered ions of atoms 
in the crystal act like the rulings of an optical 
grating, and we obtain a genuine spectrum of 
molecules, just as if they were photons. For of 
course the beam of molecules contains particles of 
different velocities, that is, different de Broglie wave- 
lengths, just like white light. We can go even 
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farther than this. By mechanical apparatus we can 
select from the beam a narrow bundle of particles, 
all of which have almost the same velocity. An 
example of such apparatus is the rotating apparatus 
shown in Film II; in another, two toothed wheels 
rotating on the same shaft are used, as described on 
p- 30; this is more convenient for selecting par- 
ticles of a given velocity. ‘These particles are then 
made to fall on the surface of the crystal, are refiected 
there, and are finally caught in a receiver. 

The result completely confirms de Broglie’s ideas. 
Even ordinary atoms and molecules, when in the 
form of beams, behave, as regards their distribution 
in Space, according to the laws of the wave theory. 

It is equally clear that as regards their mechanical] 
effects they retain the character of particles through- 
out. For the receiver might take the form of a count- 
ing’ apparatus, and we should then find that at the 
interference maxima many particles are collected, 
at the interference minima but few. 

‘The discovery of electron-waves and material 
waves 1s perhaps the most important achievement 
of physics in the last decade. As a result, essential 
alterations have been made in the fundamental 
ideas of the science. ‘—These we must now discuss. 


1c. Wave Mechanics and its Statistical Interpretation. 


Experiments demonstrate quite clearly that light 
and matter unite in themselves properties of waves 
and properties of particles. We therefore cannot 
say that they are one or the other: they are both, 
displaying one side of their nature or the other, 
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according to the type of obstruction they meet. 

This circumstance raises great difficulties of theo- 
retical interpretation. Bohr has declared outright 
that there is an incomprehensible irrational factor 
in physical events. "To make the position clear, we 
need only state bluntly what the quantum postulate 
of Planck and de Broglie means. 

Energy and momentum are properties of minute 
particles. Frequency and wave-number, on the other 
hand, are properties of simple harmonic waves, 
whose definition implies that they extend indefi- 
nitely in time and space. 

Yet it is asserted that—apart from the factor 4, 
which serves to transform the units of measurement 
—energy and frequency are to be identified, and 
also momentum and wave-number. 

We see at once that this is not possible unless 
we sacrifice some fundamental assumption of ordi- 
nary thought. 

The case is like that of the theory of relativity. 
There experiments on the behaviour of light in 
rapidly moving systems forced us to form a new 
conception of space and time. Here in the quantum 
theory it is the principle of causality, or more accurately 
that of determinism, which must be dropped and 
replaced by something else. 

To be quite clear about what this principle means, 
we shall return to the illustration of a gun firing, 
which we used right at the beginning of the book. 
We then said (p. 17) that a knowledge of the laws 
of nature is far from being sufficient to enable us to 


make predictions about future events; we must 
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know the initial conditions as well. 
the gun the form of all possible trajectories is deter- 
mined by a law of nature, which expresses the effect 
of gravity (and perhaps also air resistance) on the 
motion of the shell; but the path actually followed 
by the shell in a prescribed case depends on the 
direction in which the gun is trained and the muzzle 
velocity of the shell. 

Now in the older physics it was assumed as 
obvious that these initial conditions can always be 
stated with any desired degree of accuracy. Then 
the course of the subsequent phenomena (the tra- 
jectory of the shell, in the case of the gun) can also 
be calculated with any desired degree of accuracy. 
‘The initial state determines the future according to 
the laws of nature. From a given state onward 
everything goes on like an automatic machine and, 
provided we know the laws of nature and the initial 
state, we can predict the future merely by processes 
of thought and calculation. 

This actually does happen. Astronomers, above 
all, predict the positions of the moon and the 
planets, the occurrence of eclipses, and other celestial 
phenomena, with great accuracy. Engineers, too, 
rely firmly on their machines and structures doing 
what they have been calculated to do—and success- 
fully. 

Nevertheless, modern physics declares that the 
matter is not so simple as this, whenever we have to 
deal with the restless universe of atoms and electrons. 

Even in the case of gases we saw that the deter- 
mination of phenomena from the initial state may 


In the case of 
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be an excellent idea in theory, but is of no practical 
consequence. For it is quite impossible to determine 
the positions and velocities of all the particles at one 
instant. Instead, we have recourse to statistics. We 
make an assumption about equally probable cases 
(the hypothesis that the molecules are arranged at 
random) and deduce results from this. As these 
agree with experiment, we are led to the belief 
that statements about probabilities can be just as 
good objective laws of nature as the ordinary laws 
of physics. This kind of statistical argument, how- 
ever, has only a loose and superficial connexion with 
the rest of physics. 

All this is changed by the discovery of the dual 
entity of wave and particle. Experiments show that 
the waves have objective reality just as much as the 
particles—the interference maxima of the waves can 
be photographed just as well as the cloud-tracks of 
the particles. “There seems to be only one possible 
way out of the dilemma; a way I have proposed, 
which is now generally accepted, namely, the statis- 
tical interpretation of wave mechanics. Briefly it is 
this: the waves are waves of probability. ‘They deter- 
mine the “‘ supply ”’ of the particles, that is, their 
distribution in space and time. It follows that the 
waves, apart from their objective reality, must have 
something to do with the subjective act of obser- 
vation. 

Here lies the root of the whole matter. 

In the older physics it was assumed that the 
universe goes on like a machine, independently of 
whether there is someone observing it or not. For 
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the observer was believed to be capable of making 
his observations without disturbing the course of 
events. At all events, an astronomer looking through 
his telescope does not disturb the march of the 
planets! 

But the position of a physicist who wishes to 
observe an electron in its path 1s not so simple. He 
is like a craftsman who is trying to set a valuable 
diamond with a mason’s trowel. He has no apparatus 
available which is smaller and finer than the electron. 
Hfe can only use other electrons, or photons; but 
these have an intense effect on the particles under 
observation, and spoil the experiment. We see that 
a necessary consequence of atomic physics is that 
we must abandon the idea that it is possible to 
observe the course of events in the universe without 
disturbing it. : | 

Now if the steps necessary for making an observa- 
tion had quite complicated effects on the events, 
mathematical physics could not exist at all. Happily 
this is not so. The fundamental laws of the quantum 
theory, with which we are already acquainted, see to 
it that enough is left to enable us to make predic- 
tions. But the predictions are no longer ‘“‘ deter- 
ministic ’’, in the sense that “ the particle observed 
here to-day will be at such and such a place to- 
morrow ’’; but ‘‘ statistical ’’: “‘ the probability that 
the particle will be at such and such a point to- 
morrow is so and so ’’. In the limiting case of large 
masses, such as we have in ordinary life, this pro- 
bability of course becomes practical certainty; here 
the principle of causality still holds 1n its old form. 
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To penetrate more deeply into the meaning of 
these statements, we go back and consider an 
electron and its pilot wave. We saw that physically 
there is no meaning in regarding this wave as a 
simple harmonic wave of indefinite extent; we must, 
on the contrary, regard it as a wave-packet consisting 
of a small group of indefinitely close wave-numbers, 
that is, of great extent in space. Then the group 
velocity is identical with the velocity of the particle; 
the wave-packet moves with the particle. But where- 
abouts in the packet is the particle? 

Clearly it is in accordance with the spirit of the 
probability idea to say that this question has no 
answer. We can, however, say that the particle has 
an equal probability of being anywhere in the wave- 
packet. The wave is just that part of the description 
of the phenomenon that depends on the intrusion 
of an observer; it replaces the initial conditions of 
classical physics. The difference, however, is this: 
the assumption that the particle has a definite velocity 
necessarily means that the position of the particle 
is and must remain largely indeterminate. For it 
is only in the case of a group of waves of almost 
equal wave-numbers that we can speak of a group 
velocity. As was stated on p. 148, the product 


Extension in Space of Wave x Range of Wave- 
number 


is approximately 1; hence if the range of wave- 
number is small, the extension 1n space must be great. 

This rule can be stated in another way, in which 
it no longer refers to waves but tells us something 
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about the measurability of the position and velocity 
of the particle. 

As we have seen, the extension of the wave in Space 
corresponds to the uncertainty about the position 
of the particle. We now recall de Broglie’s relation: 


Wave-number = Momentum — &. 


A definite range of wave-number therefore corre- 
sponds to a definite uncertainty about the momen- 
tum. Thus we obtain the result that the product 


Uncertainty of Position x Uncertainty of Momentum 


is never less than 4. ‘This ts the celebrated Uncer- 
tainty Principle of Heisenberg, which interprets the 
irrationality of the quantum laws as a limitation of 
the accuracy with which various quantities can be 
measured. ‘There is another similar relation between 
time and energy. We shall now illustrate the mean- 
ing of these relations by examples. 

On the particle theory the phenomenon of dif- 
fraction at a slit is to be interpreted as follows: 

The slit gives the indeterminacy in the position 
of the photon in a direction at right angles to the 
direction of the ray. As we know, the narrower the 
slit, the broader the diffraction pattern on the 
screen. According to the uncertainty principle, 1n 
fact, the momentum of the particles 1n the plane of 
the slit 1s more indeterminate, the more accurate 
the determination of position in that plane 1s, that 
is, the narrower the slit 1s. This means, however, 


that the particles spread sideways. 
A second example is the observation of an electron 
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through a microscope. It 1s obvious that under the 
microscope we can never distinguish distances which 
are smaller than the wave-length of the light used. 
To determine the position of the electron accurately, 
we must accordingly use light of short wave-length. 
But then the Compton effect (p. 133) appears: the 
light exhibits its corpuscular properties and gives 
the electron a push in a direction which lies within 
the aperture of the instrument. In the determina- 
tion of position, the electron has therefore acquired 
an uncertainty of momentum, and a simple argu- 
ment shows that Heisenberg’s relation again applies. 
If we try to avoid the Compton effect by taking light 
of longer wave-length, the uncertainty in the momen- 
tum becomes less, it is true, but the uncertainty in 
the position is increased. 

A great number of similar examples may be 
adduced. The further development of the quantum 
theory has shown that there are other pairs of 
quantities, besides position and momentum, which 
cannot be measured simultaneously to any desired 
degree of accuracy. Increasing the accuracy with 
which one quantity is measured decreases the 
accuracy with which the other can be measured. 
Such quantities are said to be conjugate. 

From the corpuscular point of view, therefore, 
Planck’s constant 4 means that there is a zatural 
Limit to the accuracy with which conjugate quantities 
can be measured. 

By this renunciation of the ideal of unlimited 
accuracy of observation, the irrationality of the 
quantum postulate is removed in this sense, that 
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contradictions can never arise between the corpus- 
cular point of view and the wave point of view. This 
idea we also owe to Bohr. He calls the relation 
between the two representations, waves and par- 
ticles, “‘ complementary ’’, an expression which is 
of course used of pairs of colours, like green and 
red or blue and yellow, which together make up 
white. In a similar way the wave-picture and the 
particle-picture are complementary, in that phe- 
nomena can only be described completely by means 
of them both together, without their ever being 
capable of conflicting. 

Consider, for example, Young’s interference ex- 
periment with the two slits (p. 110). To observe the 
light we take, not a screen, but a counting apparatus 
(say a photo-electric cell with a Geiger-Miiller 
counter). “Then, as we have already said, we obtain 
maximum and minimum numbers of photons at the 
interference bands. This experiment shows both 
aspects, waves and particles, simultaneously. And 
yet there is nothing to be gained by pushing both 
concepts too far at the samé time. If we speak of a 
particle, we of course imply that there is a meaning 
in speaking of a path of the particle from the light- 
source to the counting apparatus. A path, however, 
cannot exist unless at least two of its points can be 
determined experimentally. We must therefore de- 
termine at least whether the path comes from the 
right-hand slit or the left-hand one. That is, we must 
arrange at one slit, say the right-hand one, an appa- 
ratus (say a thin photographic film) which will show 
whether the photon has passed through that slit. 
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This apparatus, however, necessarily flings the 
photon out of its path or swallows it up entirely; 
otherwise it would give no indication of anything. 
The probability of catching the photon on the 
screen (or in the counting apparatus) is therefore 
different from what it was before; the wave-theory 
prediction of interference is illusory. If, on the 
other hand, we wish to prove the wave character of 
the phenomenon experimentally, we have to observe 
at least two interference maxima. ‘This, however, 
excludes the possibility of predicting whether a 
photon has passed through one slit or the other. 

Any real, that is, experimentally demonstrable, 
contradiction between wave theory and particle 
theory is therefore impossible. And this is so in all 
cases, although the physical interpretation often 
requires considerable ingenuity. 

We now come back once more to the question of 
causality. This rests on the assumption that the 
initial state (that is, the initial position and the 
initial velocity or momentum) can be determined 
exactly. It is found, however, that actually 
only one of the two can be determined with 
perfect accuracy (or both inexactly). Hence the 
law of causality becomes meaningless. Many cling 
fast to it “‘ because it 1s a necessity of thought’’. 
Galileo’s opponents declared that it was a “‘ necessity 
of thought ”’ that the earth is at rest at the centre of 
the universe: how else could it be the home of man, 
the crowning glory of creation? ‘“‘ Necessities of 
thought ”’ are often just habits of thought. 

We now have a new form of the law of causality, 
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which has the advantage of explaining the objective 
validity of statistical laws. It 1s as follows: if in a 
certain process the initial conditions are determined 
as accurately as the uncertainty relations permit, 
then the probabilities of all possible subsequent 
states are governed by exact laws. If the experiment 
is repeated a great many times with the same initial 
conditions, the frequency of occurrence of the ex- 
pected effects (and the deviations) can be predicted. 

In the case of the large bodies of everyday ex- 
perience we come back to the old law of causality. 
For, as the momentum is equal to Mass x Velocity, 
in the case of a large mass a definite fluctuation of 
the momentum will only give rise to a very small 
fluctuation of the velocity. Position and velocity 
can therefore be determined simultaneously with 
sufficient accuracy. 

Even 1n the case of atoms or ions, which are many 
thousand times heavier than electrons, ordinary 
mechanics often applies with a very high degree of 
accuracy. 

People who judge the value of discoveries by their 
influence on practical life need not be troubled about 
these new conceptions. They can leave them to the 
specialists who have to deal with electrons and 
photons in physical laboratories. “Those who are 
interested in the philosophy of science, however, 
cannot pass over the fundamental ideas which have 
arisen out of physics, but may have much wider con- 
sequences. Bohr has pointed out that there may be 
a similar kind of complementary relatior between 
the biological aspect and the psychological aspect of 
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the processes of mind. It seems impossible to in- 
vestigate the state of brain connected with some idea 
or sensation by biological methods without essen- 
tially altering the psychological content of this idea 
or sensation. You cannot experiment on the physio- 
logy of the brain without using electric currents, 
chemical reactions, or even surgical operations, 
which affect the sensations of the victim. It may 
be that this is not merely a question of technique, 
but that there is a law of nature which prohibits 
physical and chemical statements on nervous pro- 
cesses being made with any desired degree of 
accuracy simultaneously with statements on their 
images 1n consciousness—yjust as the quantum prin- 
ciples prohibit the simultaneous measurement of 
position and of velocity. Then the old philosophical 
question of the parallelism between the physical 
phenomena in the brain and the correlated psychical 
phenomena would become meaningless and would 
have to be formulated in a new way. 

This rather dificult chapter was intended to enable 
us to explain the structure of atoms. It has, however, 
led us to deeper and more general considerations. 

The completest knowledge of the laws of nature 
does not carry with it the power of prediction, nor of 
mastery over Nature. Jf the universe 1s a machine, 
its levers and wheels are too fine for our hands to 
manipulate. We can learn and guide its large-scale 
motions only. Beneath our veiled sight 1t quivers 
in eternal unrest. 

““ And the Spirit of God moved upon the face of 
the waters.” 
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CHAPTER IV 
The Electronic Structure of the Atom 


1. The Discovery of the Positive Charges in the Atom. 


OW we know enough about the electron to be 
able to study the structure of the. atom 
accurately. 

The first question is one which we have already 
asked more than once, but have not yet answered: 
where is the positive electricity in the atom? 

For, as the whole atom is electrically neutral and 
it has negative electrons in its outer regions, there 
must be a positive charge somewhere inside. 

We must therefore penetrate into the interior of 
the atom. For this purpose we shall find fast par- 
ticles useful, as they have great momentum. The 
first systematic investigations of this kind were made 
by Lenard, using fast cathode rays. As we have 
already mentioned (p. 94), these will pass through 
thin layers of metal. In solid bodies the atoms are 
tightly packed together. The outer shells of electrons 
of one atom are almost touching those of the next. 
If an electron flies through with only a small devia- 
tion, therefore, it must have passed through the 


interior of the atom almost undisturbed (65). This 
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interior must therefore be comparatively empty, in 
spite of its compact outer layer. 

Occasionally, an electron is strongly deviated; we 
naturally suppose that it has struck some solid 
obstacle. Lenard was able to explain the bulk of his 
observations by assuming that in the interior of the 
atom there are a number of heavy positively charged 
particles, which he called ‘* dynamids ’’. 

We shall not, however, use these experiments to 
explain how such conclusions can be drawn, but 
those of Rutherford instead. Rutherford used 
heavier projectiles, the a-particles from radioactive 
substances, which we have already mentioned 
(p. 102). he advantage of these is that they are 
not deviated in the slightest by collision with the 
much lighter electrons; they register only their 
collisions with particles which are at least about as 
heavy as they are themselves. 

The experiments showed in the first place that 
most of the a-particles pass through thin metal foil 
without deviation, but a very minute fraction are 
noticeably scattered. It follows that in the interior 
of atoms there must be small heavy particles. These 
are called atomic nuclet. 

We can learn a lot more about the nuclei by 
accurate observation of the deviated a-particles. For 
by counting the particles which fly through a bom- 
barded sheet of metal in different directions, we can 
deduce the laws of interaction of the projectile and 
the particle struck by it. Direct observation of the 
path, or at least of its most interesting part, 1s 1m- 


possible, for this most interesting part, where the 
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change from one straight line to another takes place, 
is certainly of atomic dimensions and hence is in- 
visible even in the Wilson chamber. 

We have examples of these collisions in (68) 
and (69) and Film V. These are drawn according 
to the laws of ordinary mechanics. This is reasonable 
enough; for we are dealing with comparatively 
heavy particles, where, as we know, the quantum 
effects do not amount to much. We shall come 
back to this point again (p. 170). 

Figure (68) shows the limiting case where the 
mutual action of the moving particle and the particle 
at rest is quite trifling until they come within a 
certain distance of one another, when there is a 
sudden and large increase in the force. If we think 
of a sphere described about the stationary particle, 
whose radius is equal to the distance between the 
particles at the instant when the repulsive force 
suddenly rises, the state of affairs 1s just the same as 
if very small particles were rebounding elastically 
from that sphere, like billiard balls (66). In the 
figure the sphere is shown as a circle. The small 
particles rebound off it without diminution of 
velocity, in such a way that their directions after 
collision make the same angles with the tangent to 
the circle as they did before collision. We see in 
(68) that more particles are thrown backwards than 
forwards. If, however, we carry out the same con- 
struction not in the plane but in space, we find that 
a uniform bundle of flying particles 1s scattered in all 
directions. 

Figure (69) shows the same phenomenon when 


(69) 
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the mutual action of the moving particle and the 
obstacle, instead of setting in suddenly when they 
come into direct contact and then disappearing 
again, extends to some distance. We have in fact 
assumed that the repulsion is that which acts between 
two particles with electric charges of the same sign, 
the so-called Coulomb’s law, which has just the same 
form as Newton’s law of gravitation. The force is 
inversely proportional to the square of the distance; 
but the force is a repulsion, not an attraction. The 
paths of the particles are hyperbolas, like the paths 
of comets, except that with comets the sun lies at 
the inner focus, whereas with our particles the centre 
of repulsion lies at the outer focus (67). We see that 
the directional distribution of the reflected particles 
is quite different. Every single particle suffers some 
deviation; but for particles which fly past at a con- 
siderable distance the deviation is very trifling. Thus 
by far the greater part of the particles are practically 
undeviated. 

The particles which approach the centre of re- 
pulsion closely are scattered vigorously, but by no 
means uniformly in all directions; many more are 
scattered forwards than backwards, the fall-off being 
rapid. This is Rutherford’s law of scattering. 

For another law of force we should have another 
law of scattering. 

If we let a fine beam of a-rays fall on a thin sheet 
of metal and count the particles deviated in a par- 
ticular direction, of course it is not one atom that 
is acting, but many. If the counting apparatus is 
sufficiently far away, however, this does not matter. 
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We can then find out by counting the particles 
whether the scattering takes place in accordance 
with some assumed law of scattering, or not. The 
process is shown diagrammatically in Film V. In 
it a circular screen, to which the particles stick, is 
shown instead of a counting apparatus. ‘The thick- 
ness of the pile of particles immediately shows how 
the scattered particles are distributed. 

Investigations have naturally been made to find 
out whether the application of wave mechanics makes 
any difference to the results. As a wave phenomenon 
the scattering of particles is just like the scattering of 
light discussed previously (p. 41): a plane de 
Broglie wave falls on the sheet of metal and sets up 
a secondary spherical wave at each atom. In the 
wave theory the field of force surrounding the atom 
plays a part similar to that played by a condensation 
of the air 1n the scattering of light: the wave is to 
some extent thrown back. ‘The intensity of the 
secondary waves is different in different directions; 
according to the statistical interpretation of the 
waves, this means that the probability of a particle 
flying off 1s different in different directions. Cal- 
culations have shown that if Coulomb’s law holds 
the wave theory gives exactly the same scattering 
formula as Rutherford’s argument based on the 
classical mechanics. 

This formula of Rutherford’s has been amply 
confirmed by observations: the repulsion is there- 
fore due to electric charges. 

Much more, however, can be deduced from these 
experiments: in fact, they enable us to determine 
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the charge of the nucleus. For we know the charge 
and the mass of the projectile: a-particles are helium 
nuclei; their charge is equal to 2 unit charges and 
their mass is 4 times that of the hydrogen atom. 
Now we have seen (p. 92) that an electron which 
is shot at a fixed electron at a rate of 108 cm./sec. 
will approach the latter up to a distance of 10-8 cm. 
(1 Angstroém unit: order of magnitude of the radius 
of an atom). It is easy to obtain the necessary modi- 
fication of these figures when the projectile is an 
a-particle and we have a nucleus with several] unit 
charges, say Z charges, instead of the fixed electron. 
A simple calculation shows that the distance of closest 
approach is r=1°35 x 1071#4Z. We now refer to 
(68) and (69), p. 168, and see that in the hyperbolic 
paths the fraction of the a-particles deviated by more 
than 90° is about as great as the total number of 
collisions in the case of a spherical obstacle, whose 
radius is equal to r, the distance of closest approach. 
If N is the number of nuclei per c.c., the total area 
of the nuclear obstacles is 7r?N sq. cm. Now suppose 
there is one deflection for every # incident a-particles 
per sq.mm. Then the sth part of a square millimetre 


: . I 
is an effective obstacle, and we have 7wrv2N —~—; hence 
n 


_ I 
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As an example we consider a thin sheet of copper, 
bombarded with a-particles in such a way that the 


volume affected is a cubic millimetre. "The count- 


ing shows that the fraction of incident a-particles 
( £969) M 2 
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deviated by more than go°® is about I in 10,000, so 
that #2 —=10,000 —10% ‘There are N=~=2 X 100 
copper atoms in a cubic millimetre. We thus have 


Pi ae 6k ee tiie Se. a Gate eee Re = 
VanN VW 3-14 < 10%* & 2 & 1020 
== 4 < 10-2° cm. 





as the distance of closest approach of an a-particle 


and a copper nucleus. Introducing this in the ex- 
pression 


Foz 1°35 < 10°14Z, or Z = 7°4 x 1Olss, 
we find the nuclear charge of copper, 
Z== 774 <x 1013 4 *« 10713, or about 30. 


Other independent determinations of the nuclear 
charge are obtained by taking angles differing from 
90° and a-particles from different sources, with 
different velocities. “The experiments all agree in 
giving the following result, with a considerable 
degree of accuracy. 

‘The nuclear charge of the element copper, which 
is number 29 1n the periodic table, 1s approximately 
29. (CThe numerical values, however, are not sufh- 
ciently accurate to prove that the nuclear charge is 
exactly a whole number.) 

Similar results are obtained for other elements, 
leading to this fundamental theorem: 

The number of unit charges on the nucleus ts equal 
to the atomic number, that 1s, the number giving the 
position of the element in the periodic table (p. 51). 

Thus, for example, Chadwick obtained for the 
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elements copper (29), silver (47), platinum (78), 
the values 29°3, 46°3, 77°4 respectively for the 
nuclear charge. It is now clear that the hydrogen 
atom has a nucleus with a single positive charge, 
about which one electron is circulating, the helium 
atom a nucleus with a double positive charge and 
two electrons, and so on. 

As the electron is only 1/1840 times as heavy as 
the hydrogen atom, the hydrogen nucleus must 
contain almost all the mass of the atom. This lightest 
of all atomic nuclei is called the proton (Greek, the 
first). “The same must hold for all the other atoms: 
the atomic weights are practically the weights of the 
nuclei. For a long time chemists regarded the atomic 
weight as the characteristic feature of the atom. 
Now, however, we see that this is not so: it 1s the 
nuclear charge that determines the position of the 
atom in the periodic table and hence its chemical 
behaviour. ‘This result of atomic physics gave an 
immense impetus to chemistry. A great number of 
facts and relations which previously were puzzling 
were suddenly cleared up. In general the atomic 
weights increase with the atomic numbers. ‘There 
are, however, some exceptions to this, which are 
indicated in the table (p. 51) by the symbol <—. 
We shall see later that the X-rays confirm the 
correctness of the arrangement in order of nuclear 
charge beyond all doubt. A definite answer can also 
be given to the question whether the periodic table 
is complete: there are no gaps except those indicated. 


Many other and deeper questions, however, now 
arise. 
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If the nuclear charge goes up by whole units, 
must not the nuclei themselves be composite struc- 
tures, perhaps built up of protons? Then why are 
their masses, the atomic weights, not whole numbers 
alsop 

We shall discuss these and many other questions 
in Chapter V. For the present we shall not trouble 
about the structure of the nucleus, but shall take it 
as an empirical fact that there are as many different 
nuclei as there are elements in the periodic table. 
This does sor reduce one element to another, and it 
might be thought that all the regularities of the 
periodic system still remain unexplained. ‘This con- 
clusion, however, is premature. We shall see that 
the nuclei with their steadily increasing charges 
collect very remarkable structures of electrons about 
them, which exactly account for the peculiarities of 
the periodic system. 

In the case of so important a result as the identity 
of nuclear charge and atomic number, we must look 
round for independent confirmation of it. This has 
been obtained in many different ways. For example, 
it 1s possible actually to count the electrons, at least 
in the case of the lighter atoms. In these, the 
electrons are loosely bound and when subjected to 
X-rays behave like free particles. Each electron 
contributes the same amount to the scattering of the 
X-rays; hence by comparing the intensities of the 
incident and the scattered radiation we can obtain 
the total number of electrons in the portion of 
material used. If we divide this by the number of 
atoms, we obtain the number of electrons tn the 
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atom. This, as we expected, is found to be equal to 
the nuclear charge. 

Next, how big are the nuclei? In the case of 
electrons, as we saw on p. 87, we are led to suppose 
on purely theoretical grounds that they have a finite 
radius, which is in fact about 10713 cm.; but we 
have no experimental way of determining this radius. 
In the case of the nuclei we are in a better position. 
For small deviations from the Rutherford scattering 
formula have been detected among those a-particles 
which are scattered almost directly backwards. We 
see from (69) (p. 168) that these are the a-particles 
which strike the atom almost centrally and approach 
the nucleus most closely. Now we know that the 
distance of closest approach for direct collision is 
about 10713 cm. At a distance of this order, devia- 
tions from Coulomb’s law become noticeable. We 
can therefore say that the radius of the nucleus is 
about 10713 cm. Comparing this with the radius of 
the whole atom, which we estimated from the col- 
lisions of gas molecules to be about 10-8 cm., we 
see that the nuclei, like the electrons, are extra- 
ordinarily small compared with the atoms which are 
built up from them; and yet there are grounds for 
suspecting that the nuclei are themselves composite 
structures. We shall attempt to penetrate into these 
deeper recesses of the atom in Chapter V. 

The picture of the atom which we now have is like 
this: in the interior of every atom there is a positive 
nucleus, containing practically all the mass of the 
atom. About it move negative electrons, their number 
being equal to the number giving the nuclear charge. 
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To get an idea of the orders of magnitude involved, 
we may think of a drop of water magnified until it is 
as large as the earth, the atoms being: magnified 
in the same proportion. "The diameter of an atom 
is then about a metre. ‘The diameter of the nucleus 
is only about 1/100 mm., that is, the nucleus is a 
dot scarcely visible to the naked eye. “The electrons 
are about the same size (but several thousand times 
lighter). “These minute dots are circulating about 
the equally minute nucleus; between them—on the 
particle theory——there is nothing. “The emptiness 
of intra-atomic space is comparable to the emptiness 
of the space between the sun and the planets, the 
distance between the sun and the earth being about 
12,000 times the earth’s diameter. In the solar 
system, as 1n the atom, almost the whole of the mass 
is concentrated in the central body; but the sun is 
very much bigger than the planets, whereas the 
atomic nucleus is about the same size as the elec- 
trons. 





2. Bohkhr’s Theory of the Flydrogen Alton. 


The analogy with the solar system was used as 
a guide in the first attempts to penetrate dceper into 
the electronic structure of the atom. “he simplest 
atom, hydrogen, consists of the proton with one 
electron circulating about it——like the earth and its 
moon. But this resemblance must be merely super- 
ficial; for we know that the hydrogen atom, lke 
every other atom, can only exist in a series of 
stationary states, a fact which contradicts the funda- 
mental theorems of ordinary mechanics. 
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In the case of the hydrogen atom the energy 
levels or term-values of the stationary states are 
known very accurately. Balmer has found that a 
regular series of lines in the hydrogen spectrum 
(see Plate I1(4), facing p. 246, and figure (70)) have 
the frequencies 


where R is a quantity of the nature of a frequency, 
and is known as the Rydberg constant—after an 
eminent spectroscopist. Its numerical value is 
3°29 x 1015 vibrations per second. 

From the standpoint of Ritz’s combination prin- 
ciple we can conclude that the terms of the hydro- 
gen atom are R/4, R/9, R/16,... . Later the term 
R/i was also found, in a series of lines lying in the 
ultra-violet. Now, according to Bohr, these terms 
multiplied by 4 are the energy levels of the hydrogen 
atom. As we have explained already (p. 131), these 
are usually reckoned from the level at which the 
electron is completely separated from the atom, which 
is higher than the levels in the bound states. ‘These 
must therefore be given negative signs. The so- 
called Balmer terms are then 


R R R R 


a3 oad 


The whole number 2 was subsequently called the 
principal quantum number; here we shall adopt this 
name right away. 

The arrangemént of the terms is shown in (71); 
the lowest (# = 1) has the energy value —R, the 
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next —R/4, and.so on. The terms become closer 
and closer and pile up indefinitely at the energy 
level zero. 

There, where the terms lie extremely thick, the 
energy is almost continuous. In that region, there- 
fore, ordinary mechanics must hold with fair accuracy. 
This idea Bohr called the correspondence principle, and 
he applied it with great success. Thus, as early as 
1913, he was able to express the energy R and the 
radius of the orbit of the hydrogen atom, in the 
ground-state, in terms of the charge (e) and mass 
(m) of the electron and Planck’s constant 4. 

If the values of these quantities e, m, and 4 
obtained from the observations described above are 
used, the value of R obtained, namely, 


R = 20?me4/h® = 3:29 X 10! vibrations per second, 


is in excellent agreement with the spectroscopic 
value given above. The radius of the orbit comes out 
with the anticipated order of magnitude, namely, that 
of the atomic radii deduced from the kinetic theory 
of gases. The exact value is as follows: 


Radius of the Lowest State of the Hydrogen Atom 
= 0532 X 10% cm. 


This was the first great success of the quantum 
theory applied to atomic structure. 

A still greater impression was made by the follow- 
ing argument of Bohr. If we take one electron away 
from a helium atom, it consists of one nucleus and 
one electron, just like the hydrogen atom, except 
that the nucleus carries a double charge. Hence the 
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spectrum of the helium ion must resemble that of 
hydrogen, but with all the terms four times as large. 
We should therefore expect the following series of 
terms: 


Hydrogen Atom: 
—R, —R/4, —R/9, — R/16, —R/25, —R/36,... 


Helium Ion: 
—4R, —4R/4, —4R/9, —4R/ I 6, —4R/2 S> —4R/36,... 


We see that the terms of the first series (indicated 
by underlining) are all included in the second series. 

‘The same thing 1s brought out by the figure (72) 
opposite; every alternate helium term should co- 
incide with a hydrogen term—provided that in the 
calculation the nuclei are regarded as at rest. Actually 
the nuclei will move a little; but here, as in the 
solar system, we have the theorem that the sun and 
the planet rotate about their common centre of 
gravity. If we take this into account, the 2nd, 4th, 
6th, ... terms of the helium ion will not coincide 
exactly with the 1st, 2nd, 3rd, ... terms of the 
hydrogen atom, for the masses of the nuclei differ 
a good deal (the helium nucleus being about four 
times as heavy as that of hydrogen). 

Now a spectrum was actually known, which was 
obtained from Geissler tubes containing hydrogen 
and helium, and which contained lines which came 
exactly between the Balmer lines of hydrogen; 
hitherto these lines had been ascribed to hydrogen 
also. 

Now Bohr declared, ‘‘ These are helium lines. 
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See whether these lines are still obtained when you 
carefully remove all traces of hydrogen from the 
tube. If you look closely, you will see that it is a 
mistake to call these lines Balmer lines of hydrogen, 
for they are all slightly displaced.” 

Both assertions were immediately confirmed. This 
was the second triumph of Bohr’s theory. 

At that time no one knew anything about electron- 
waves and there was no such thing as wave me- 
chanics. Physicists had no scruples about applying 
classical mechanics to the calculation of electronic 
orbits, even in complicated cases. They obtained 
orbits whose energy values formed a continuous 
succession. Additional assumptions had to be made 
which would enable them to select from this con- 
tinuous range of energy the series of stationary 
orbits; these assumptions were called the guantum 
conditions. We shall illustrate their nature only in 
the simplest case of circular orbits (73). It was 
found that the correct energy values, the Balmer 
terms, were obtained by accepting as permissible 
only those orbits for which the product Momentum 
< Circumference of Orbit 1s equal to a multiple of 
h, that 1s, 

px wr = ah. 


This product is called the angular momentum,* and 
we say that the angular momentum ts “ quantized ”’; 
that is, it 1s always a multiple of a certain unit, and 
that unit is Planck’s constant. The radu of the 
circles are found to be in the ratios1:4:9.... 


* This definition differs from the usual one by the factor 27 and is used for 
simplification. 
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The same condition has been found to apply to 
all rotations, even in complicated cases. The ‘‘ whole 
number ”’ 7 which appears in the condition above is 
called the guantum number. 

Motions which are not rotations but rather of the 
nature of vibrations have certain periods. It was 
found that each of these periods has its own quantum 
condition. An example is the general motion of an 
electron in a closed orbit around a nucleus; by 
Kepler’s laws the orbit 1s an ellipse. This motion, 
like the circular motion, has only one period, so 
there is only one quantum condition; we obtain 
exactly the same simple series of terms (— R/z*) as 
we did in the case of the circular orbit. There are 
an infinite number of ellipses with the same value of 
a; they all have the same major axis (which is pro- 
portional to #), but different eccentricities, their 
shapes varying from a very elongated form to a 
circle (74). It is only for the circular orbit that 7 is 
proportional to the angular momentum; for the 
ellipses with the same major axis the angular mo- 
mentum is less. 

Now it was already known that the Balmer lines 
do not appear as single lines unless the means of 
observation are pretty crude; in reality each consists 
of a group of fine lines. This is referred to as the 
fine structure of the lines. 

The energy values, therefore, must possess a fine 
structure. So one quantum number is not enough 
to enumerate them with; the motion must have a 
second period, with a “‘ second quantum number ”’. 

Sommerfeld discovered the reason for this com- 


— 
Y> (74) 
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plication. In very elongated elliptical orbits the 
electron comes very close to the nucleus and reaches 
a high velocity there, comparable to the velocity of 
light. ‘Then by the theory of relativity the mass of 
the electron is no longer constant, but 1s slightly 
increased. ‘This has the effect of slightly modifying 
the whole orbit. The nature of the motion then is 
shown in Film VI. The orbit forms a sort of rosette; 
the motion can be approximately described as 
motion in an ellipse which itself rotates very slowly. 
This rotation or so-called precession gives the second 
period and the second quantum number &. For if 
we consider various ellipses, all having the same az, 
that is, the same major axis (one of them being a 
circle), the orbital period of the electron is the same 
for all the orbits, by Kepler’s laws. 

The precession of the whole ellipse, however, 
gives a new period. ‘The long narrow ellipses come 
closer to the nucleus and hence show the mass- 
variation effect more noticeably. The quantum con- 
dition associated with the precession is that only 
those elliptical orbits are permissible for which the 
angular momentum is a whole number multiplied 
by 2, that is, equal to kk. This whole number & 
is the second quantum number; it 1s never greater 
than #, and is equal to # for the circular orbit. In 
figure (74) a succession of these ellipses for 7 = 4, 

= 1, 2, 3, 41s shown. Fach corresponds to a very 
slightly different energy, that 1s, each term 1s split 
up. 
The motion of a particle in space can, however, 
have yet a third period, the three periods corre- 
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sponding to the three dimensions of space. This 
can also be realized in the hydrogen atom; not 
when the atom is left to itself, but when it is sub- 
jected to an external influence. Such cases were 
already known to investigators. If a Geissler tube 
containing hydrogen 1s excited and placed between 
the poles of a magnet, each line, as was shown by 
Zeeman, is split up into several lines—the so-called 
Zeeman effect (Plate III(e) and (f), facing p. 250). 
A still more complicated splitting-up occurs in an 
electric field (the Stark effect). Both effects are com- 
pletely explained by the theory. The field in fact 
introduces a new period into the motion, correspond- 
ing to a new quantum number m. The phenomenon 
in the magnetic field is easy to describe; the motion 
is no longer in one plane, but for weak magnetic 
fields is very nearly so, and may be imagined as like 
the rosette motion of Film VI, the plane of the orbit 
rotating slowly about the line giving the direction of 
the field. From all possible planes the quantum 
condition selects a small group of planes in the 
following way: 

An angular momentum may be represented geo- 
metrically by an arrow, called a “‘ vector ’’, pointing 
along the axis of rotation. 

Here we have two rotations: that of the electron 
in its orbital plane (Film VI) and that of the plane 
about the direction of the field (Film VII). Thus (75) 
we have to plot the orbital angular momentum as a 
line of length & on the orbital plane (4 being taken as 
unit), and the magnetic angular momentum as a 
line of length m along the line of force (through the 
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nucleus). This number m, like k, must be a whole 
number; it 1s called the magnetic quantum number. 
As the field is assumed to be weak, the magnetic 
rotation is slow compared with the rate of rotation 
of the electron; hence the axis of rotation of the 
resultant motion coincides almost exactly with the 
larger angular momentum &. In addition, m must 
be the projection of & in the direction of the field; 
hence m can have only the integral values between 
nd —&. 


For example, if 


r= Om = Oo, 
1,2 => ==1,0, 1; 
k=2,m= —2, —I, Oo, +1, +2, 


k= 3, m = —3, —2, —I, O; +I, +2, + 3. 


This, however, means that the orbital plane can 
only take up a certain number of positions relative 
to the direction of the field, the number of positions 
for h == Oy. 1, 2595 exe, DEINE Fy By 655.03 

This. phenomenon is called quantization of dtrec- 
tion. It is one of the most remarkable results of the 
theory. Later we shall come across a direct experi- 
mental confirmation of it (p. 230). 

To each position of the orbital plane there corre- 
sponds a different energy; hence a splitting of the 
terms takes place. This, however, is of a very simple 
type; the distances between the resulting lines are 
all the same, and the same for every term. Hence 
the lines of the spectrum should always be split up 
into three components. This is shown in (76) 
for the case where k = 1 for the upper term, k = 2 
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for the lower term. It so happens that in rotations, 
only those transitions are possible for which m does 
not increase or decrease by more than 1; these are 
indicated by arrows. ‘There are 9 transitions, it is 
true, but they form groups of 3, which exactly 
coincide. We should therefore obtain 3 Zeeman 
lines. This is actually found on occasion; we then 
speak of the ‘‘ normal Zeeman effect ’’ (Plate III(e)) 
—unjustifiably enough, for with most spectral lines 
the splitting is much more complicated. The reason 
of this we shall speedily learn. 

All these theories depending on classical me- 
chanics correctly reproduce the phenomena actually 
observed, in their rough outlines, but fail in many 
details. ‘This is no wonder, for we know that 
classical mechanics is not really applicable. ‘The 
quantum conditions, for example, are quite alien to 
it. On the classical theory, too, the phenomenon of 
light emission itself remains quite unintelligible. It 
is described as due to a quantum jump of the electron 
from one stationary orbit to another; but any 
further progress is hopelessly barred. 

It 1s clear that all these arguments were of quite 
a provisional character. They were the steps which 
prepared the way for the application of the new 
quantum mechanics to atomic processes. The main 
features of this new mechanics have already been 
considered; we know that the electron has wave 
properties also. We must now see whether these 
affect its behaviour in the atom, and find out where 
this idea leads us. 
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3. Wave Mechanics of the Fiydrogen Atom. 


The real reason why the corpuscular idea is not 
appropriate for atoms is this: we are interested in 
the stationary states, which correspond to fixed 
energy values. If an atom has been observed to be 
in such a state, then, according to Heisenberg’s 
uncertainty principle, we cannot observe times with 
any pretence of accuracy, for if the energy is 
exactly known, then the error in the time measure- 
ment may be infinite. Efience the course of the 
motion in time is unobservable, so that we cannot 
speak of electronic orbits, and our films are a httle 
fraudulent. 

‘The question where the electron is at a given time 
must therefore be dropped. On the other hand, the 
probability that the electron is at such and such a 
point is a determinable quantity; for this purpose 
we have to associate a de Broglie wave with the 
electron——or better, to replace the electron by the 
wave and determine the strength of its vibration at 
such and such a point. 

‘The meaning of the mysterious quantum con- 
ditions immediately becomes clear. We again 
consider a circular orbit and imagine the electron 
moving in the orbit to be accompanied by a wave. 
If the radius is of considerable size, we can ignore 
its curvature and assume that the same de Broglie 
relation (p. 142) will hold for this revolving wave as 
for the plane wave, namely, 


Momentum x< Wave-length=—= £2 (pm A= &.). 
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If we now attempt to construct a wave motion along 
the circular orbit, with a given wave-length, we do 
not in general return, after a complete circuit, with 
the same phase of vibration as we started (77). After 
a further circuit the phase is different again, and so 
on. In short, we cannot assign a definite phase to 
each point of the circumference of the circle. We 
see at once that this is only possible for particular 
circles, namely, when the circumference is an exact 
multiple of the wave-length (27r= dA). Combining 
this relation with de Broglie’s quantum rule given 
above, we have 


= p X mr = han, 
or 


Momentum x Circumference of Circle 
= Multiple of 4, 


which is just Bohr’s quantum condition for the case 
of a circular orbit. It expresses the condition that 
a vibration shall have one value, and one value only, 
at every point in space. 

‘The state of affairs is just like the elastic vibrations 
of a large wheel (without spokes) or of a wire hoop. 
In the latter case it is obvious that as each point of 
the hoop can only vibrate in one way, the circum- 
ference of the hoop must be an exact multiple of 
the wave-length. ‘This vibration is very like that 
of a stretched piano string, except that the ends are 
not fixed but are joined to one another in some way. 
In both cases only certain types of vibration are 
possible. These are called the characteristic or proper 


vibrations; with the stretched string they are those 
(8B 969) N2 
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for which the length of the string 1s an exact multiple 
of half a wave-length, while for the wire bent into 
a hoop, the length must be a multiple of the whole 
wave-length (78) (p. 187). 

With the string, the fundamental has no nodes, 
the first overtone one, and so on. With the hoop, 
the fundamental has two nodes, the first overtone 
four, the second overtone six, and so on. 

Turning back to the electron, we now have to 
modify our picture considerably; for the vibration 
is certainly to be imagined as going on in three 
dimensions. It is comparable not with the vibrations 
of a hoop, but with those of an elastic substance 
—something like a table-jelly. But as it is difficult 
to draw diagrams of these three-dimensional motions, 
we shall consider a two-dimensional model, namely, 
the vibrations of a circular membrane, say the 
parchment of a drum. As is well known, these 
vibrations can be made visible by strewing fine sand 
on the vibrating surface. The sand only remains at 
the places where there is no vibration, along the 
so-called wodal lines, and we obtain the so-called 
Chladni’s figures. The nodal lines are of two kinds, 
straight radial lines and circles with their centre at 
the centre of the parchment. The fundamental tone 
exhibits no nodal lines. We may, however, count 
the non-vibrating boundary as a nodal line. In the 
figures the regions bounded by the nodal lines are 
alternately shaded and white. This is to indicate 
that the vibrations 1n the shaded regions are in 
exactly the opposite phase to those in the white 
repions; for example, the shaded regions of the 





(80) 
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membrane are moving upwards while the white 
regions are moving downwards. Here there are just 
as many modes of vibration as there are nodal lines 
(79), (80). 

The capacity of the membrane for vibrating 
depends on its being fixed round the boundary. In 
the atom, there is no such fixed boundary; instead, 
there is the nucleus, which—in particle language 
—attracts the electron. This attraction takes the 
place of the tension at the boundary. 

The mathematical expression of this goes far 
beyond the scope of this book. The setting-up of 
the so-called wave eguation is due to Schrédinger, 
who took account of the forces acting on the moving 
particle. “The same equation is the mathematical 
expression of collision phenomena, such as Ruther- 
ford’s experiments on the scattering of a-particles at 
nuclei. ‘There, however, we are concerned with 
another type of solution of the equation; a plane 
wave approaches and is transformed by the action 
of the field of the nucleus into a spherical wave. 

In the present case, on the contrary, we have to 
deal with solutions which die away at a great distance 
and give strong vibrations only in the neighbour- 
hood of the nucleus. In this latter region, therefore, 
the probability of finding the electron is large; it 
decreases rapidly outwards, but theoretically is zero 
at an infinite distance only. This infinitely distant 
region corresponds to the boundary of the mem- 
brane. The frequency multiplied by 4 is the term- 
value or energy of the system in the stationary state. 
If the hydrogen atom were all in one plane, we 
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should have the same vibration diagrams as in the 
case of the membrane, but its boundary would lie 
at an infinite distance. 

In the actual three-dimensional case we have 
nodal surfaces, nodal planes and spheres, instead of 
nodal lines. We shall picture the various modes or 
types of vibration by means of the nodal surfaces. 
These pictures, however, are not the only possible 
ones. For if we have two types of vibration with 
different nodal surfaces but the same frequency (or 
energy), we can superpose them and get quite a 
different picture. We are, however, not really con- 
cerned with the shapes of the surfaces at all, but 
only with their number. We accordingly select a 
definite configuration of nodal surfaces, which is easy 
to picture. 

We begin by counting the spherical nodal surfaces. 
As the vibration dies away at a distance, on any 
very large sphere there will be no trace of it left; 
hence we can say that the “infinite sphere ”’ is a 
nodal surface, just as we could regard the edge of 
the membrane as a nodal line. The number of 
spherical nodal surfaces, including the infinite sphere, 
is the principal quantum number n in the wave theory. 
For = 2 we have one finite sphere, for 2 = 3 two 
finite spheres, and so on. 

The annexed figures (81), (82) show the cases 
m==1 and =—2, diagrammatically in two dimensions, 
in three ways. The first figure merely indicates by 
shading how the vibration is divided into portions 
of opposite phase by the nodal spheres. The appear- 
ance of the vibration 1s also shown by the density 


WAVE MECHANICS Ig! 


of dots, as seen from above, and in section, show- 
ing the extreme amplitudes. We see that in the 
first case the probability of finding the electron 
is very great in the neighbourhood of the nucleus 
and falls off outwards. In the second case there is, 
in addition, a shell-region of large probability. For 
large values of » further shells occur. Now it is 
found that the radius of the vibrating region in the 
case 7 = I is about the same as the radius of Bohr’s 
first circular orbit, the radius of the shell-region in 
the case » = 2 about the same as Bohr’s second 
circular orbit, and so on. It follows that we are 
justified in giving # the same name of “ principal 
quantum number ”’ in both cases, although we are 
dealing with things as different as orbits of a particle 
and vibrations of a continuous Something. 

Each of the spherical modes of vibration may be 
accompanied by nodal planes. To classify these, we 
take a straight line through the nucleus as axis; then 
we have meridian planes, which pass through the axis, 
and horizontal planes, at right angles to the axis (83). 

The nodal planes, however, cannot occur in every 
possible combination, as the nodal lines of a membrane 
do. On the contrary, we have the following theorem: 

The number of horizontal planes is at most equal 
to the number of finite spheres; that is, we have the 
following scheme: 
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In Bohr’s theory there was a second quantum 
number k, which was always confined to the values 
I, ..., # and enabled us to distinguish between 
the various ellipses with the same major axis; when 
multiplied by 4 it gave the angular momentum. 

Our new /, called, in wave mechanics, the sxzéd- 


Paes tess ao Oe ae sidiary quantum number, is therefore 1 less than &. 
Se ee oan eG The connexion between the angular momentum and 
Pa Cae reads Ses the ellipticity of the orbital motion on the one hand 
"ered smelt ae and the existence of horizontal nodal lines on the 
a ee ere sth, other is not easy to see; we shall subsequently show, 
Lt AS. ~ aaa a in the case of motion in a magnetic field, how angular 
oe Ba re ges momenta arise in the wave mechanics. Here, how- 
eta fe enters ever, we shall content ourselves with the following 


remark: there is no Bohr orbit without angular 
momentum; even the orbit of the ground-state is a 
circular motion, with k=1. In the quantum me- 
chanics, however, there are modes of vibration with 
no angular momentum; the ground-state ”=1, 
/=o1s one. The subsidiary quantum number gives 
the angular momentum directly (as a multiple of 2). 

Figure (84) shows a cross-section of the vibrating 
system with two spherical nodal surfaces and one 
plane nodal surface, the amplitude being indicated 
by the density of dots. 

Finally, we come to the meridian nodal planes. 
Here the various possibilities which may occur are 
indicated by a quantum number m, which is called 
the magnetic quantum number (p. 184). If there is no 
meridian plane present, we write m =o. If there 
is a meridian plane, there are two types of vibra- 
tion, for which the meridian planes stand at right 
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(85) 


WAVE MECHANICS 193 


angles to one another; these are denoted by m= —1 
and m=--+ 1. 
We have 
P= Il; m=O, m= —I,m=—+ 13 
these are the three possible cases if 7 = 1; that is, 


the plane of the equator is itself a nodal plane, and 
figure (85) shows how this plane is divided by the 


meridian planes. 


If / = 2, we have five cases, which are imme- 
diately obvious from (86): 
LS 25 me = 25, — 5 05-1 = 2: 


We shall now give a summary showing the 
number of types of vibration possible with various 
values of the principal quantum number: 


n==1; /=0,m=o0. (I type.) 
A= 23 /= O, m= O. 


= 1, cee ee a ee 





12=3; l= Oy, m= O. 
{= I, M==—1,0,+1. Sees, 
{= 2, m=——2,—I, o, + I, +2. =—9 types.) 


In general, if the principal quantum number is 
m there are m* types of vibration. 

The reason why we have considered the enumera- 
tion of types of vibration in such great detail is 
that on it, as we shall soon see, depends the ex- 
planation of the fundamental fact of chemistry, the 
periodic table. 

If we calculate the energies, we find that all the 
types with the same principal quantum number 


(86) 
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have the same energy of vibration, and this is equal 
to the Balmer term (—R/m?), with the same value R 
for the lowest term as was previously found by Bohr. 

In their very nature the pictures of the revolving 
electron and of the vibration are so utterly different 
that it is amazing to find that they give the same 
energy values. We have seen also that in the case 
of the collision of a particle with the nucleus, wave 
mechanics gives the same result as classical me- 
chanics, namely, Rutherford’s scattering formula. 
That these agreements occur is a wonderful piece of 
luck: otherwise the extraordinary success of modern 
atomic theory would have been quite impossible. 

The agreement goes even farther. If we take the 
relativistic variation of mass into account, we actually 
find Sommerfeld’s fine structure formula again. The 
types of vibration with the same principal quantum 
number # but different horizontal nodal planes then 
have slightly different energies; this corresponds to 
the differences between the energies of the quantized 
ellipses arising from their precession (p. 182). If 
we imagine the atom brought into a magnetic field, 
we obtain the same formula as before for the normal 
Zeeman effect (Plate III(e), facing p. 250). Here 
the types with different meridian planes give terms 
with different energy values. This splitting up must 
correspond to the quantization of direction (p. 184) 
in Bohr’s theory. The latter depended on the rota- 
tion and the angular momentum; here, however, we 
have to do with stationary vibrations—the connexion 
is not immediately obvious. 

We shall go into this matter a little more deeply, 
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by way of illustrating the correspondence between 
classical mechanics and wave mechanics. From the 
diagrams of the meridian nodal planes (85), (86) 
(pp. 192, 193), we see that there are always two types 
corresponding to equal and opposite values of m, say 
m= —2and m==-+ 2; these are, at bottom, identical, 
and differ only in orientation. ‘To make one coincide 
with the other, we have to rotate one figure until its 
meridian nodal lines fall exactly where the middle 
lines of the regions originally were. If we consider, 
for example, the vibration near the equator only, we 
obtain figures (88) and (89); one vibration is dis- 
placed relative to the other by one-quarter of a 
wave-length. 

This, however, may be brought about in two ways, 
by rotation clockwise or counter-clockwise. In (88) 
we have taken clockwise rotation, in (89) counter- 
clockwise rotation. In the absence of a magnetic 
field both vibrations have the same energy, 1.e. they 
vibrate at the same rate (as all types of vibration with 
the same » and /do). Hence their combination also 
gives a possible vibration. As we see, there are two 
different resultants, each of which can equally well be 
taken as representative of the type. 

These resultant vibrations, however, are not sta- 
tionary waves, but progressive (87). The figure shows 
the two stationary waves with fixed nodes (light and 
dotted lines) and their resultant (heavy lines), which 
is a progressive wave. Instead of the stationary 
waves m==—2 and m=-+42, therefore, we have 
two opposed revolving waves, which we may denote 
by m = 2r and m= 2/(r for right, / for left). 
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Now we have the following state of affairs: 
although in the absence of a magnetic field the two 
representations of types of waves are equivalent, 
in the magnetic field 1t is not so. Then the stationary 
waves are no longer solutions of the wave equation 
at all, but the revolving waves are. The latter have 
opposite angular momenta and energies, which are 
displaced equal distances upwards and downwards 
from the original values. 

Hfere we see clearly how in the wave mechanics 
the magnetic splitting of terms, the Zeeman effect, 
again depends on the rotations and angular mo- 
menta. In fact, we obtain exactly the same results 
for the extent of the splitting and the number of 
terms as we do by the method of quantization of 
direction which arose from Bohr’s ideas of elec- 
tronic orbits; namely, the normal Zeeman effect 
(which, however, as we mentioned on p. 1865, 1s 1n 
many cases not 1n agreement with experiment). 

The sphtting of the terms in the electric field 
(the Stark effect) can also be calculated; here again 
the results agree, as regards the positions of the 
terms, with those piven by Bohr’s theory. 

Wherein, then, lies the advantage of the wave 
mechanics over Bohr’s theory? It seems to come to 
very much the same thing in the end! 

There are some important distinctions, however, 
which we shall now explain. 

The differences of the energy values give the 
frequencies of the spectral lines. Each line, how- 
ever, has a definite intensity; there are strong lines 
and weak lines. On Bohr’s theory we can give only 
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quite rough estimates of the intensity, by calculating 
the radiation of the revolving electron on the classical 
theory and equating this, according to the corre- 
spondence principle, with the energy radiated in 
jumps by highly excited quantum states. Quantum 
mechanics, on the other hand, gives exact instruc- 
tions for the calculation of the intensities of the 
spectral lines. ‘hese are far too mathematical for 
us to give an account of them here; we shall mention 
only that this problem was the real starting-point of 
the older form of quantum mechanics, the so-called 
matrix mechanics of Heisenberg, Jordan, and my- 
self. Later it turned out that Schrédinger’s wave 
mechanics leads to exactly the same results. These 
predictions of the intensity of the spectral lines by 
the quantum mechanics, in either theory, go much 
deeper than the mere calculation of the term-values; 
and they are also abundantly confirmed by experi- 
ment. 

Here is a decisive superiority of the quantum 
mechanics over the older methods; but a still more 
important point is that the new mechanics forms 
a logical, self-contained, self-consistent system— 
which could by no means be said of the old theory 
—and it has accordingly proved capable of consistent 
generalization to atoms with several electrons, and 
even to general systems with an arbitrary number 
of particles, to molecules, crystals, and metals. 


4. X-ray Spectra. 


The atoms of higher atomic number, which have 
more than one electron, present the theoretical 
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physicist with problems similar to those which the 
solar system presents to astronomers. In fact, from 
the point of view of Bohr’s theory the resemblance 
between the two systems is more than superficial. 
In essentials they present the same problem, except 
that the comparison is rendered more difficult by 
the fact that in the atomic case we are concerned 
chiefly with the forces due to electric charges, 
whereas in the solar system the forces depend on the 
masses, and as the mass of the sun outweighs that 
of all the planets together, the preponderating force 
is the attraction of the sun, compared with which 
the interactions of the planets among themselves 
give -rise to small disturbances only. ‘True, the 
charge of the nucleus is greater than that of any 
single electron, but its preponderance is not nearly 
so marked as that of the sun’s mass, for the charges 
of all the electrons taken together amount to the same 
value (with the opposite sign). Hence the method of 
perturbations which has been developed in astro- 
nomy, on the basis of classical mechanics, yields only 
rather poor approximations in the case of the atom. 
The same is true of the wave mechanics. Here 
again we can proceed in the first instance as if the 
electrons had no effects on one another, but were 
merely connected with the nucleus, and we can 
subsequently take account of the perturbations aris- 
ing from the interactions of the electrons. 
Mathematically this is even simpler and more 
elegant than in the classical mechanics. We are 
not, however, entitled to expect great accuracy, at 
least without a vast amount of calculation. Hence 






X-RAY SPECTRA 199 


it is important to consider particular cases where 
the interactions of the electrons are comparatively 
trifling and can be neglected. 

In the first place, there are the atoms which have 
one easily detachable electron. ‘These we have already 
met with; the most important are the atoms of the 
alkali metals. They have spectra consisting of series 
which closely resemble the Balmer series of hydrogen. 
Hence we can assume that one electron is loosely 
held and possesses orbits—or vibrations—which are 
very like those of the hydrogen atom, while all the 
other electrons form a dense cloud round the nucleus 
and to a great extent screen its charge from outside 
influences. For a nucleus with eleven charges 
(sodium), closely surrounded by ten electrons, has 
almost the same external effect as a nucleus with one 
charge. The spectra of the alkali metals exhibit one 
peculiarity, however, which does not fit into our 
theory at all; most of the lines are double. We shall 
consider this in more detail later (p. 204). 

Another case where the nuclear attraction very 
greatly outweighs the interaction of the electrons is 
the innermost part of all but the lightest atoms. 
We have messengers which bring us reports on the 
nature of the deep layers of the atom: the X-rays. 
In there, close to the nucleus, the laws which hold 
are almost as simple as those of the hydrogen atom, 
for the motion of the innermost electrons is deter- 
mined almost entirely by the high charge on the 
nucleus. 

Now for some more exact information about the 


X-rays. We have already mentioned (p. 114) that 
(3 969) Oo 
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they can be analysed spectroscopically with the help 


of crystal ‘*‘ gratings ’’. To investigate the radiation 
of pure substances we place a plate, called the anti- 
cathode, which either consists of the substance in 
question or is covered with a layer of the substance, 
in the X-ray tube, facing the cathode. It is found 
that, 1n addition to a continuous spectrum, single 
lines are obtained, just as with gases. FElfach kind of 
atom has its own characteristic lines. “Those of 
shortest wave-length are called K lines, those of 
somewhat longer wave-length L lines, M lines, and 
sO on. 

The difference between these spectra and optical 
spectra is as follows: the optical spectra of two 
** neighbouring ”’ atoms, that is, atoms whose nuclear 
charges differ by 1, differ very widely, and the 
similarity between the spectra of atoms of the groups 
of elements which stand in the same vertical column 
of the periodic table (such as the alkali metals) 1s 
only very rough. ‘The X-ray spectra, on the other 
hand, are qualitatively the same throughout long 
series of neighbouring elements, the lines merely 
being relatively displaced (Plate V(6), facing p. 258). 
This shows that they arise from the interior region 
of the atom, where the electronic structure of all 
atoms is very simular, differing only in its extent and 
the strength of the bindings. ‘The fact that the 
vibrations of X-rays are many thousand times faster 
than those of the lines of optical spectra is further 
evidence for this assumption. 

The combination principle holds for X-ray spectra 
just as it does for optical spectra; there are certain 
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*“‘terms ”’, whose differences are the frequencies. 
There is, however, one point of difference: there are 
no absorption lines, the absorption setting in sud- 
denly at a definite point in the spectrum, the so- 
called absorption edge, and extending from there in 
the direction of increasing frequency (Plate IV(é), 
facing p. 254). Within this continuous absorption 
band there are further absorption edges, where the 
absorption suddenly rises. 

The essential point is that the frequencies of the 
absorption edges of an atom are found to give at the 
same time the terms of the emission lines. 

This empirical fact has given rise to an inter- 
pretation of X-ray spectra which is also evidence for 
the most important feature of atomic structure: the 
arrangement of the electrons in shells. How this is 
explained theoretically we shall see later (p. 218). 
Here we are concerned with a convincing interpre- 
tation of the empirical relations, due to Kossel: 

The electrons arrange themselves in shells. Some 
of them are held very fast; these form the K shell. 
Then follow electrons which are more loosely held, 
forming the L shell, the M shell, and so on, in order. 

If light falls on the atom, it may knock out an 
electron. Ordinary light with a small quantum can 
only overcome the binding of the outermost electrons: 
this is the ordinary photo-electric effect (pp. 93, 118). 
X-rays, however, are capable of knocking out inner 
electrons. There is a certain minimum quantity of 
energy required to break the binding of a K electron, 
an L electron, an M electron, and so on; this at once 
explains the existence of the absorption edges. We 
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can now label these: that of shortest wave-length 
(greatest frequency) is the K edge, the next the L 
edge, and so on. 

If, however, an electron is removed from the K 
shell by the impact of light or of an electron, there 
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is a gap left 1n that shell, and an electron from 
another shell can now fall into that gap. ‘This leaves 
a gap in its original shell, say the L shell. The 
energy difference between the K absorption edge and 
the L edge is emitted as an X-ray photon. Thus 
the main properties of the X-ray spectra are explained. 

‘The term-values are determined by analysis of 
the emission spectra much more accurately than 
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they can be from observations of the absorption 
edges. 

According to Moseley, the data thus obtained 
serve to check the correctness of the order of the 
periodic table, and to settle whether the table is 
complete or not. We have already indicated the 
possibility of doing this. If, for example, we plot 
the K terms for successive elements, they advance 
regularly, as is shown opposite in (90). To an 
increase of the nuclear charge by 1, there always 
corresponds the same increase in the term. If an 
element were missing, the smoothness of the curve 
would be broken. This would also happen if two 
elements were in the wrong order. ‘Thus we can 
verify that at the points in the periodic table which 
we marked by <-> (p. 51) it is actually the 
nuclear charge, and not the atomic weight, that 
decides the proper position of the elements. 

Moseley noticed that the curve of the K terms ts 
just the ground term of an atom having one electron 
but a nucleus with more than one charge, calculated 
according to the formula for the hydrogen atom. 
Sommerfeld then showed that for heavier elements 
the higher terms of this model give the corresponding 
curves for the L term, the M term, and so on. 
Physically this means that the innermost shells of 
electrons are affected chiefly by the nucleus. It is 
astonishing how fine details of X-ray spectra can be 
explained in this way. The most important fact, 
however, is that Sommerfeld’s formule hold for all 
atoms, right up to the last, uranium, which 1s 


number 92. ‘The quantum mechanics is therefore 
(£960) o2 
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capable of correctly representing an extensive range 
of systems, differing widely in magnitude and 
strength of binding. 


5. Lhe Spin of the Electron. 


It looks as if we now had the foundations of a 
comprehensive theory, and by systematically applying 
it should be able to explain the structure and the 
properties of the electronic shells of all atoms. 

‘This assumption, however, 1s premature. We 
have already indicated more than once that the 
results of wave mechanics are only approximately, 
not exactly, in agreement with the facts. 

An important case is the doublet nature of the 
lines in the alkali spectra. If a little common salt 1s 
brought into a hot flame, e.g. that of the gas stove, 
it colours the flame yellow. Common salt is a com- 
pound of chlorine and sodium; in the heat of the 
flame it is decomposed and sodium atoms become 
excited and emit the yellow light. ‘The sodium spec- 
trum contains a brilliant yellow line. It 1s one of a 
regular series, the remaining lines of which are less 
striking. Ewen with a small spectroscope we can 
see that the yellow line is double. ‘The same line, 
by the way, is present in the sun’s spectrum as a 
dark absorption line, and is there denoted by the 
letter D; its occurrence demonstrates the presence 
of sodium vapour in the outer layers of the sun’s 
atmosphere. 

Most of the lines, not only of sodium, but also of 
potassium and the other alkali metals, exhibit the 
same doublet structure. 
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Now there is not the least possible doubt that 
all these lines arise from the jumps of an outer 
electron. We have already mentioned the reasons 
for assuming this: the ease with which the atom is 
ionized, the ordering of the lines in series with 
regularities similar to those of the hydrogen atom, 
and so on. 

The doubling of the lines involves a new quantum 
number. In addition to their current number, the 
terms of a series require a further distinction, that 
between the first and second terms of the doublet. 
In the case of the D lines of sodium we write D, 
and D,. 

In the language of Bohr’s theory this quantum 
number, with its two values 1 and 2, implies the 
existence of a new period; in the language of wave 
mechanics, it implies the existence of a new class of 
nodal surfaces. 

We have seen, however, that in the case of the 
hydrogen atom all the possibilities with regard to 
periodicity (or nodal surfaces, in the wave picture) 
are used up (pp. 182, 192), and the same is true for 
all cases of motion of a single electron. 

At first 1t was thought that the new period arises 
from interaction with the other electrons, which are 
close to the nucleus. This idea, however, would not 
work. Besides, in other cases, 1n more complicated 
atomic spectra and in X-ray spectra, indications of 
similar doublets, triplets, and so on were found, 
none of which could be brought within the theory 
as hitherto developed. Something essential must 
therefore be wanting. 
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‘This missing factor must yield a new period, and 
that even when there 1s only a single electron present. 
So long as the motion of the electron is described by 
stating the position of its centre, the motion can have 
only three periods (in wave mechanics, three kinds 
of nodal surfaces). Hence this description is in- 
adequate. 

To explain this multiplet structure of spectral 
lines, Uhlenbeck and Goudsmit put forward the 
idea that the electron is an entity which not only 
moves forward as a whole, but rotates on an axis 
like a top. This internal rotation is the new periodic 
motion; it is called the spi of the electron. 

If anything is going to rotate, it must, according 
to ordinary ideas, possess extension in space. In the 
case of the electron, physicists have as far as possible 
avoided speculations about its size and dimensions. 
Such speculations lead to difficulties, of which we 
have already spoken (pp. 73, 87). Accordingly, it has 
become customary to think of an electron as a point- 
charge with an arrow attached to it (91), the arrow 
indicating the angular momentum, which, of course, 
is plotted as a vector along the axis of rotation, as 
we saw on p. 183. Greater clarity 1s gained by in- 
dicating the direction of rotation by means of a circle 
with an arrowhead, in the equatorial plane of rotation. 
This exceedingly abstract representation of the spin- 
ning electron completely suffices for the mathe- 
matical treatment of spectra. I find it quite unsatis- 
factory, all the same, and I hope that the new theory 
of the electromagnetic field mentioned previously 


(p. 87) will make it possible to regard the spin of 
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the electron as the perfectly ordinary angular momen- 
tum of a rotating object—so far as a field can be 
referred to as an “‘ object ”’ at all. 

Every angular momentum exhibits the pheno- 
menon of quantization of direction. If we employ 
the construction explained in connexion with Bohr’s 
theory (p. 184), the least number of positions 
which an angular momentum can take up is 3, that 
is, when it has its own least value of 1 (in 4 units). 
For an interval of length 3 can be projected in 
only three ways on a given line so that the projection 
has an integral value (92); either end on, so that the 
projection is 0; or upwards, so that it is +13; or 
downwards, so that it is —1. If, then, the electron 
were to behave like a top with angular momentum 1, 
under the influence of the nucleus and the remaining 
electrons it could set itself in three positions. Each 
term would therefore be split into three. 

In the one-electron spectra of the alkali metals, 
however, we actually have a splitting into only two 
terms. The spin is therefore not an ordinary angular 
momentum quantized in whole numbers. 

The correct duplication is obtained as follows. 
The projections of the spin in the direction of the 
outer field must always, as hitherto, have 1 for their 
distance apart, but they are to be only two in 
number. This is only possible 1f we ascribe the 
magnitude 4 (times 4, of course) to the spin. For 
the spin 4 can set itself only in the direction of 
the field or in the opposite direction; the zero 
position is excluded, because it would be only at the 


distance 4 (not 1) from the ends (93). Accordingly, 
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we have a spin quantum number s with the values 
+4 and —4. 

The translation of this assumption into the lan- 
guage of wave mechanics depends on the following 
idea, suggested by the analogy with light-waves. 

Light-waves are electromagnetic vibrations. At 
each point of space over which such a wave passes, 
the electric and magnetic forces are oscillating to 
and fro. If we pay attention to the first only, the 
force at any instant can be represented by an arrow 
whose direction and length are continually alter- 
ing. 

In figure (94) snapshots of this arrow are drawn 
beside each other; if they were drawn one after 
another on successive pages, they would give a 
(a5 (ae) ‘“‘ film ’’ of the motion of the arrow. It may happen 
that the arrow vibrates in one direction only, as 
shown in figure (95); we then say that the light 
wave is “* polarized’’. Experimentally, polarized 
light is produced by making ordinary light pass 
through certain crystals; but we cannot go into this 
here. There are two kinds of polarized light, vibrat- 
ing in directions at right angles to one another; the 
two vibrations are indicated (97) by the double 
arrow (the observer being supposed to be looking 
in the direction opposite to that in which the light 
is travelling). 

Now the spin may be regarded asa sort of polariza- 
tion of the de Broglie wave. Witherto we have treated 
the latter as analogous to a sound wave, in which con- 
densations and rarefactions of the air vary periodically; 
that is, as an undirected phenomenon. The spin, how- 
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ever, may be taken account of by assuming that, in 
the de Broglie wave also, that which is vibrating has a 
direction. The distinction is only this, that in the 
electric wave of light the force-arrow is vibrating up 
and down, its direction continually alternating, while 
in the de Broglie wave the spin-arrow retains its 
direction, and its magnitude alone varies periodically, 
to one side or the other according to the direction of 
spin (96). Looked at from the front, therefore, there 
are two single arrows in opposite directions (98). If 
a de Broglie wave is totally polarized “‘ upwards ”’, 
this means, in corpuscular language, that the spin 
angular momenta are all pointing upwards; similarly 
for ‘‘ downwards ”’. 

Just as we can have unpolarized or partially 
polarized light, however, we can also have un- 
polarized or partially polarized de Broglie waves. 
‘These mean a beam of electrons in which some of 
the electrons have their spins in one direction and 
some in the other. Each such wave is a combination 
of one or other of the two types of wave in varying 
proportions. This proportion means the relative 
probability of finding, in the beam, electrons with 
their spin upwards or downwards. 

These relations are expressed mathematically by 
replacing the single Schrédinger wave equation by 
a system of several equations. These were first 
stated by Pauli and were then generalized by Dirac 
in accordance with the theory of relativity. The 
difference is similar to that between the single wave 
equation for sound and Maxwell’s equations for the 
electromagnetic field. 
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Many features of spectra, doublets, triplets, and 
so on, as well as the anomalies of the Zeeman effect, 
are made intelligible with the help of this theory. 
Yet it is not sufficient; an essential idea is still 
wanting, to which we shall now direct our atten- 
tion. 


6. Pauli’?s Exclusion Principle. 


When a theory works qualitatively, but not quan- 
titatively, the position is unpleasant, but not hope- 
less. Perhaps we have forgotten to take some small 
effect into account. If, however, a theory will not 
even work qualitatively, some error of principle 
must be involved. Such a failure occurs, for example, 
if the theory predicts a number of spectral lines 
differing from the number found experimentally. 
Numbers, I mean whofe numbers, are strict judges; 
they cannot- be bribed into agreement by slight 
alterations. ‘Three remains three and four remains 
four, their difference is one, no less, no more. 

The evil symptoms of such a failure of the theory 
appear even when we try to construct the next 
simplest atom to hydrogen, namely, helium. We 
have a doubly charged nucleus and two electrons, 
and think of the latter as added one at atime. If 
we begin by taking one electron only outside the 
nucleus, we get the same stationary states as we do 
for the hydrogen atom; we obtain the helium ion, 
which we have already discussed (p. 179). We ex- 
press the lowest states by the values of the quantum 
numbers (7, 4,, m,) of the first electron, in addition 
to which we also have the spin quantum number 5, : 
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(2) m= 1, A= 0, m=O, y= af 
(4)m4 = 1,4 —-0 m=O, y= 
= 2, 4 = 0, m=o, 45 = —$, 


() m 

If the helium ion is now transformed into a 
neutral atom by the addition of another electron, the 
orbits or vibrations of the two electrons will, it is 
true, be considerably distorted by their interaction; 
but qualitatively we must obtain the right result, 
that is, the right xumber of terms, by first ignoring 
the interaction and thinking of the second electron 
as subject only to the influence of the nucleus. 
Subsequent consideration of the mutual perturbation 
can only displace the terms, not alter their number. 

Hence to the second electron we must assign the 
states; 


(a) %4e—= I, ‘= O, My, Oy Sg >= —4, 
(B) Ng — I, = O, Mg 9, Se = 
(y) Nz = 2, y= O, My= O, 5g= 


The whole system then possesses states which are 
obtained by combination of each state of the first 
set with each of the second; these may be denoted 


by 
(a, a), (4, B), (3, a), (4, B), 


and so on. We shall consider these four only. Now 
it is clear that in the absence of a magnetic field the 
states (a4, a) and (4, 8) will be identical, and likewise 
(2, B) and (4, a); for obviously it is only a question 
of whether the two spins are parallel (both +4 or 








Ss 
= 
SS 

Sa 
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both —4) or antiparallel (one +4, the other —4). 

We should therefore expect to get two lowest 
states, with principal quantum numbers #4 =— I, 
%, == 1. All other states, where at least one of the 
principal quantum numbers is equal to 2 or more, 
will lie much higher; in the case of hydrogen, in 
fact, the Balmer terms for »=—1 and #»=2 are in 
the ratio of 4: 1, the lower corresponding to a 
frequency in the remote ultra-violet, the higher to 
one in the visible region. ‘There is, therefore, no 
possibility of confusing these two lowest terms with 
any others. 

Experiment, however, gives the clear and definite 
result that only one of the two terms appears, 
namely, 


(a, B) aa (4, a)s 
while the other, (4, a)= (4, 8B), is missing! ‘The 


number of terms 1s not correct, which means that 
we have overlooked some fundamental law. 

Pauli thereupon investigated spectra systemati- 
cally and discovered a great number of similar cases. 
He also recognized the principle which lies at the 
root of the matter! 

The terms where all the four quantum numbers of 
two electrons are exactly the same are always missing, 
and two terms which are formally obtained from one 
another merely by interchanging the values of all 
the quantum numbers of two electrons in reality 
form only one term. 

In actual fact, for the (4, a)= (4, B) term of 
helium the two electrons both have the quantum 
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numbers 2 = 1, /= 0, m= 0, and either s = +-4 or 
s== —4; this term is actually missing. In the term 
(a, B) = (4,a), however, 2, /, m are equal, it is true, 
but s, and s, are different. 

As an example of the second part of the theorem 
we may adduce the terms 


w= 2, = 0, m = O;7 S = 

My 2, A= 1, m=—O;*7 S = t, 
and 

Mm== 2, = 1, m= O,~7 5 = 

Mg == 2, ly a Op. ge D5 Sg 3> 


which are in reality only one term. 

What does this meanP 

It means that in associating quantum numbers 
with the individual electrons we were pushing the 
corpuscular idea too far; in doing this we assumed 
that the electrons are distinguishable, like individuals 
whom one can call by name. Such is obviously not 
the case. We get a deeper understanding of the 
situation by using the wave idea. Waves obvi- 
ously have no individuality; their job is merely to 
say, ““ Here there is such and such a probability of 
finding a particle: which of the two identical par- 
ticles it is, we do not know ’’. 

This principle of Pauli’s has far-reaching conse- 
quences. Firstly, it brings the theory of spectra, 
of the Zeeman effect, and of many similar pheno- 
mena into perfect agreement with observation. 

Secondly, and this is a cruel blow, it leaves what 
we started this book with in more or less complete 
confusion—namely, the foundations of statistics, 
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which we used in the kinetic theory of gases. 

To keep on safe ground, we shall now speak not 
of an ordinary gas but of an ‘“‘ electron gas ’’, such 
as is supposed to exist in the interior of metals 
and to account for their high conductivity. Accord- 
ing to our former principles, we should have to give 
each of the electrons a name, Edward, John, George, 
and so on, and find out in how many ways a definite 
grouping, say a distribution between the halves of 
the available space, can arise. In Film I we accord- 
ingly drew each atom differently, so that the indi- 
vidual paths of the separate electrons could be 
followed more easily by the eye. From this counting 
of frequency we then obtained the most frequent dis- 
tribution as the state of equiJibrium, and hence the 
whole kinetic theory of gases. 

Is all this wrong, then? Undoubtedly: if the 
electrons are wot individuals, if they are utterly in- 
distinguishable, the counting of their ‘“ arrange- 
ments ”’ by the old method is wrong. 

Fermi and Dirac, however, were not deterred by 
this, but carried out the enumeration according to 
the new method. For the spatial distribution this 
gives nothing of particular interest; but if we ask 
with what frequency we are to expect states of the 
electron gas in which there is a definite distribution 
over the possible energies of the whole gas, some- 
thing quite new comes out. 

‘The extremely satisfactory discovery was made 
that the application of the new Fermi-Dirac statistics 
to the electrons 1n metals gives much better results 
than the older theory, a great many previous difh- 
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culties being removed. Indeed, it was only then 
that a practicable theory of electrical and magnetic 
phenomena in metals became possible. ‘This is a 
new line of evidence for the Pauli principle. 

This new statistics, however, cannot be applied 
to atoms or molecules, for these, of course, contain 
a number of electrons, each of which has a spin. 
Hence they behave quite differently from single 
electrons. The necessary modification was made by 
Einstein, with the help of a method originally 
devised by Bose for a gas consisting of photons 
(light quanta); but owing to the great mass of the 
atom compared with that of the electron, deviations 
from the ordinary behaviour can only be expected 
to occur at temperatures so low as to be practically 
inaccessible. 

The most important application of the Paull 
principle is in the interpretation of the periodic 
properties of the elements. 


7. The Meaning of the Periodic System of the Elements. 


We want to understand why substances are what 
they are. We know that their great variety depends 
on the fitting together of 92 kinds of atoms to form 
all manner of structures. These 92 different kinds 
of atoms consist of 92 different nuclei with corre- 
sponding swarms of electrons. ‘The nature of the 
chief problem with which we are faced is made clear 
if we contrast the following results, which we are 
driven to accept. 

The nuclei form a simple series, the charge in- 


creasing step by step by the same amount, the 
(z 969) P 
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elementary quantity of electricity (p. 88). (The 


masses increase likewise, but not quite so regularly.) 

The shells of electrons, however, behave in quite 
a different way. True, the number of electrons also 
rises regularly by unity from element to element. 
Nevertheless, none of the properties of the atoms, 
physical or chemical, change in this regular way, but 
they show a periodic behaviour, first with the period 
8, then with the period 18, and finally with the 
period 32——although there are traces of the period 
8 showing all the time. 

How is it possible for the manifold variety of 
atoms and their periodicities to arise from the 
regular increase of the nuclear charge and the 
addition of the corresponding electrons? 

The kaleidoscopic aspect of the material universe 
is due, in the last resort, to the periodic behaviour of 
the elements. So the solution of our problem is 
really a matter of pressing 1mportance. 

The nature of the problem may be readily grasped 
from the following analogy: 

There are savage tribes in Africa who use cowrie 
shells as their currency. If one of them buys an 
egg, he pays, say, 10 cowries for it; if he buys a hen, 
perhaps he has to pay a coconutful of cowries, and 
if he wants to take a wife, his father-in-law will 
demand a few sackfuls of cowries. 

Civilized peoples have replaced this complicated 
arrangement by a coinage system. If we buy an 
egg, we pay a penny; for a hen we pay half a crown, 
and so on. 

Here is an ideally simple coinage system: 
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Copper coins for 1, 2, 5 pence; 
IO pence —1 shilling. 

Nickel coins for 1, 2, § shillings; 
10 shillings = 1 crown. 

Silver coins for I, 2, 5 crowns; 
IO crowns = I sovereign. 
Gold coins for I, 2, § sovereigns; 

"10 sovereigns == 1 (P). 


Our actual coinage is not by any means so simple 
as this; but the principle is essentially the same. 
The coins form a periodic system. Although their 
purchasing power steadily rises, the number stamped 
on them always recurs after four steps. 

What is the reason for this periodicity? Ob- 
viously, the desire not to have our pockets and purses 
weighed down by excessively large pieces of metal. 
This is an “‘ exclusion principle ’’—and here comes 
the analogy with Pauli’s principle for the electrons 
in the atom (p. 210). Analogies, however, must not 
be pushed too far; we shall now drop this one and 
consider how the Pauli exclusion principle gives rise 
to the periodicity of the systems of electrons. 

We begin with the hydrogen atom and replace 
the singly charged nucleus by a doubly charged one, 
that of the helium atom, as we did in last section 
(p. 211). We saw there that the newly added elec- 
tron must take its place in a perfectly definite 
lowest state; for as the quantum numbers 2, /, m 
are the same for both electrons (7= 1, /= 0, 
m= 0), the spins must be antiparallel (s, = 4, 








(99) 


218 STRUCTURE OF THE ATOM 


We now replace the helium nucleus by the triply 
charged lithium nucleus and add a third electron. 
Then this certainly cannot be in a state with the 
same quantum numbers 2=1, /=0, m=0, 
s= +4 or —4; there are only two such states. 
These two states form the innermost shell of this 
atom and all subsequent atoms; X-ray spectro- 
scopists call it the K shell (cf. p.:201). 

As / must always be less than 2, and m is at most 
equal to /, the next electron must go into a state for 
which = 2. Figure (99) shows the configuration 
of the three electrons in the form of Bohr’s orbits. 
The two K electrons screen the nucleus and reduce 
the external effectiveness of its charge nearly to 1. 
Hence the third electron is much more loosely 
held than the K electrons. The third element, 
lithtum, does actually exhibit the properties which 
we are thus led to expect; it belongs to the group 
of alkali metals and has an electron which is rela- 
tively easy to detach. This forms the start of the 
next shell, which in the X-ray connexion is called 
the L shell. 

If we continue this method of step-by-step in- 
crease of the nuclear charge with addition of elec- 
trons, the L shell will fill up in the first place. How 
many electrons can 1t accommodate in all? 

Just as many as there are states for which 2 = 2. 
Now we have seen (p. 193) that the hydrogen atom 
has 4 such states, electron-spin being neglected; 
namely, the state / = 0, m = 0, and the three states, 
/= 1, together with m= —1, 0, or +1. There is 
still the spin, which can have one of two values; 
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each electron can have the spin +4 or —4. Thus 
we obtain at most 2 x 4= 8 electrons in the L 


shell. 
This is the actual extent of the first period: 


Li Be B C N O F Ne. 


When neon (Ne) 1s reached the L shell is “‘ full up ’’; 
there is no room for any more electrons. ‘The 
structure forms a completed whole, a fact which 
at once explains why neon is an inert gas, having 
no inclination to interact with other atoms, that is, 
being chemically inert. The preceding element 
fluorine, however, just needs one electron to com- 
plete the L shell; this explains why fluorine readily 
appears as a negative ion, the gap being readily 
filled with an electron. 

In the same way, beryllium (Be) tends to occur as 
a divalent positive ion (losing its two outer electrons) 
and oxygen as a divalent negative 1on (filling two 
gaps and completing the L shell). Carbon, in the 
middle, has a dual character; it can be stripped down 
to a helirum-like structure or built up to a neon-like 
structure. This intermediate position is one of the 
reasons why it enters into so many compounds, the 
whole of organic chemistry being just the chemistry 
of the compounds of carbon. 

Further addition of electrons is only possible if 
a= 3; we then get the M shell. How many 
electrons can it hold? 

Firstly, we can have 7/= 0 or 1; along with 
s= +4 or —d4, this again gives the same 8 
possibilities as in the L shell. In actual fact, the 

(£969) P2 
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next row of the periodic system begins with 8g 


elements, 
Na Meg Al Si P S Cl A, 


which in every respect, physical and chemical, re- 
semble those of the preceding row. But this does 
not complete the M shell. For if #= 3, we can 
have /=—= 2; this gives the § possibilities 


Mm == —2, —TI, O, +I, 4-2, 


and as in each case the spin can be either -+ 4 or 
—4, there are 10 further places in the M shell. 
The total number of places is therefore 8 4+-10—18, 
or, better, there are at most 2 x 9 = 18 electrons 
in the M shell; for 3 x 3 = g 1s the number of 
states of the hydrogen atom for ”==3, and the 2 
comes from the spin. 

It is clear that there can be at most 2 & 16 = 32 
electrons in the N shell—in agreement with facts. 

We need not follow out the details any further, 
except as regards a few points. Thus, the order of 
addition of new electrons is not always the same as 
at the beginning of the periodic table, where one 
shell 1s completely filled before the next is begun. 
The process goes on regularly up to element number 
19, potassium (K); from this point the two outer- 
most shells, M and N, compete for electrons. ‘The 
N shell never has more than one or two electrons 
until the G@nner) M shell 1s filled up. All these 
elements, Ca, Sc, Ti, V . . . after A therefore 
resemble one another in having two loose electrons 
(or one): see Table II. A similar situation sub- 
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TABLE II 


DISTRIBUTION OF THE ELECTRONS IN THE 
LIGHTER ATOMS 
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. This interpretation of the periodic system, an 
interpretation due in essence to Bohr, has given a 
powerful impetus to chemistry. Indeed, we may say 
that the distinction between physics and chemistry 
has disappeared, so far as theory is concerned; 
the difference is merely one of practical methods and 
modes of instruction. For even the nature of 
chemical forces has had light thrown on it by the 


quantum theory. 

We have already seen that the tendency of the 
alkali metals Li, Na, K, Rb, Cs to occur as positive 
ions is just as intelligible as the tendency of the 
halogens F, Cl, Br, I to form negative ions. As 
opposite charges attract one another, it 1s no wonder 
that a sodium ion and a chlorine ion join forces to 
form a molecule of NaCl, the substance we call 
common salt. This kind of electrical binding explains 
most of the properties of compounds of the salt 


type quantitatively. 
These salts consist of crystal lattices, in which the 
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two kinds of ions are arranged alternately, like the 
squares of a chess-board (100). Each ion is sur- 
rounded by six ions of the other kind, but we cannot 
say that any two ions are associated with one another 
in any special way. ‘There are no real molecules, 
therefore; or rather, we may say that the whole 
crystal is a single gigantic molecule. This kind of 
combination seems quite natural when we explain it 
by electrical forces. For the forces coming from an 
ion extend in all directions, and though they catch 
an ion of the other kind, this does not weaken them 
and they are capable of attracting further ions. 
There are other types of compound, however, 
which behave quite differently. Chemists speak of 
the ‘‘ saturation ’’ of the binding forces or ‘“‘ valen- 
cies’. The simplest case is that of two identical 
atoms, as in the gases hydrogen, oxygen, nitrogen. 
As a rule the chemist expresses these by the symbols 
H,, O,, Ne, or, if he wants to be very accurate, by 
H- H, O=-O, N= =N, the dashes being intended 
to indicate the forces holding the atoms together. 
Each atom is thought of as having one or more 
little hooks, indicated by dashes: H--, O-—, N--. 
Chemical combination arises from the fastening 
together of the hooks: H—and —H give H—H. 
Any other hydrogen atom meeting this molecule 
finds no free hook and is ignored; there is no such 
thing as H;. O= and =O give O=O, with a 
double bond. If, however, another O= comes along, 
. O 
it can burst the double bond and form al s 


this is ozone, O,. 





/ 
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It is very important that we should be able to 
explain this phenomenon of valency saturation. The 
simplest case, that of two hydrogen atoms, exhibits 
all the essential features. There we have two nuclei, 
each with one electron. When the atoms approach 
one another very closely, the electrons no longer 
remain beside their own nuclei all the time, but 
begin to pay visits to the other nucleus and to 
exchange places. It is easy to see that the two 
separate hydrogen atoms thereby become a single 
stable system H-—H. For if we imagine the two 
nuclei brought very close together, so that they 
almost form a doubly charged nucleus, we have 
exactly the configuration of the heltum atom, which, 
as we know, has a stable ground-state. In reality the 
nuclei repel one another, and hence will not come 
so close as al] that, but the orbits (or the correspond- 
ing vibrations) of the two electrons will not differ 
very much from those of the helium atom. In the 
lowest state of the helrum atom, however, the spins of 
the two electrons are antiparallel, by the Pauli prin- 
ciple. We have a closed shell. Exactly the same 
applies to the H—H molecule. If another hydrogen 
atom comes along, its electron cannot penetrate into 
the closed shell of the molecule; hence there 1s no 
marked interaction, and the H, molecule does not 
react with a third hydrogen atom. 

We see from this that the spins take over the 
parts of the little hooks or valency bonds of the 
chemist. If two electrons have their spins anti- 
parallel, one valency 1s saturated. ‘The valency of the 
atom should accordingly be equal to the number of 
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electrons whose spins have no antiparallel partners. 
This corresponds roughly to the facts of the periodic 
system. There are, however, apparent exceptions, 
which require special consideration. The trouble- 
some investigation of details, which must be carried 
out by physicists and chemists in combination in 
order to elucidate these difficulties, is by no means 
complete. Yet there is no possible doubt that 
the quantum theory is capable of explaining all 
the properties of atoms and molecules accurately, 
although the working-out of details may still leave 
very much to be desired. The riddle of matter is 
not indeed solved, but is reduced to a deeper prob- 
lem, which, however, is in many ways simpler, 
namely, what are the atomic nuclei? 

Before we attack this problem, however, we shall 
consider one of the most remarkable consequences 
of the quantum theory in somewhat greater detail. 


8. Magnetons. 


We must not forget that in spite of all its successes 
the quantum theory demands an intellectual sacrifice 
—renunciation of the complete determinability of 
position and time for a particle whose momentum 
and energy are known, and renunciation of the 
complete prediction of future events. Bounds must 
be imposed on reason and understanding, because 
Nature seems to exhibit features which are irrational 
and unintelligible. Even among concepts which we 
do seem capable of grasping, there are many which 
are highly paradoxical. One of the most peculiar is 
quantization of direction. 








(101) 





(102) 





(103) 
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The idea is that an atom with angular momen- 
tum cannot set itself in every direction in a magnetic 
field, but only in a few definite directions which 
can be counted up. Such an atom is a little mag- 
netized needle. What would happen if a ship’s 
compass were quantized in direction? It would 
not swing freely to and fro, but would set itself 
firmly in one direction, and if it were shaken hard it 
would suddenly jump and point in quite a different 
direction! In fact, the compass needle must actually 
behave like this! Fortunately, however, Planck’s 
constant is so small that the sudden changes of direc- 
tion lie far below any imaginable powers of obser- 
vation. In the case of atoms, however, it has been 
found possible to give a direct demonstration of the 
discontinuity of direction. 

Indeed, the Zeeman effect provides indirect 
evidence of it. Plate III(f/) (facing p. 250) shows 
the splitting of the double D line of sodium 
in the magnetic field. One line is split into 4 
lines, the other into 6. This is easy to under- 
stand. 

Without the field both states are double; the 
lower has /=o0, s=-+4 or —4, the higher 7/=— 1, 
s== +4 or —4; the total angular momentum of the 
latter is therefore either 1 +3= 2 o0r 1 —}=4. When 
the field is applied, the upper state 2 splits up into 4 
terms, m = +3, +4, —4, —3, while the other upper 
state and the two lower states split into 2 terms, m == 
+4, —4. From the four upper terms, as (101) 
shows, there are 6 transitions to the two lower ones; 
from the two upper terms there are 4 transitions to 
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the two lower ones. Hence one D line splits into 
6 components, the other into 4. 

All Zeeman effects can be explained by simple 
arguments similar to the above. Here, however, 
we have only observed. the transitions between 
terms, not these terms themselves, that is, definite 
states. 

This, too, has been done successfully. We com- 
pared the atom to a magnetized needle—an analogy 
which is much older than the quantum theory. 
More than a hundred years ago Ampére asserted 
that there is no magnetism, in the sense in which 
there is electricity. For if a magnet is broken in 
pieces, each bit immediately shows a north pole and 
a south pole (102). The two kinds of magnetism, un- 
like the two kinds of electricity, cannot be separated. 
Again, we know from Oersted’s experiment (p. 71) 
that an electric current is surrounded by a magnetic 
field. If an almost completely closed loop of wire 
has an electric current passing through it, the 
magnetic lines of force look very like those of a 
small magnet whose axis is at right angles to the 
plane of the loop (103). If the wire is wound into 
a coil, the resemblance is still closer (104). Such coils 
are used in all sorts of ways as electromagnets. 

Ampére proved that it was not merely a case of 
resemblance, but of complete identity. He accord- 
ingly put forward the hypothesis that in the atoms 
of magnets and magnetizable substances (such as 
wrought-iron or nickel) little electric currents are 
flowing, that is, the atoms are electromagnets. This 
at once explains the peculiar fact that the magnetic 
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poles cannot be separated, and is, moreover, in 
agreement with experimental facts. 

Present-day atomic theory has given reality to 
Ampére’s hypothesis. ‘The electrons revolving about 
the nucleus are circular currents of this kind. Hence 
every atom is really a little compass needle. These 
compass needles, however, are peculiar in that they 
are not to be had in all sizes, but only in one smallest 
pattern and multiples of it. For the angular momen- 
tum is of course a whole number, and it is intuitively 
evident that the magnetic intensity of the circular 
current is proportional to it. 

‘The electron itself, however, has an angular 
momentum, called the spin; it 1s therefore a mapnet, 
the unit magnet, the so-called magzeron. 

The angular momentum of the electron is of 
course $4 x 4, but according to experiment and theory 
the magnetic intensity is to be taken without this $. 
It is this difference that gives rise to the anomaly 
of the Zeeman effect. Otherwise, so many of the 4. 
or 6 Zeeman components of the D lines, say, would 
coincide that we should have the normal splitting 

into 3 components. 

In addition to the spin magneton, we also have 
the magnetic effect of the orbital motion, which 1s 
always a multiple of the magneton. In the hydrogen 
atom, and also in the sodium atom, the ground-state 
has no orbital angular momentum (= 0); here, 
therefore, there is only the spin magneton. In other 
atoms with several electrons, however, there are 
gpround-states with orbital angular momentum. 

Elow can the magnetons actually be demonstrated?P 


cel 


(106) 
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Their total effect is manifested in the large-scale 
magnetization of bodies. If a needle of wrought- 
iron is brought near a strong magnet, it becomes 
magnetic itself. From the intensity of this induced 
magnetization we could determine the magnetic in- 
tensity of a single atom, by dividing by the number 
of atoms, were it not for the complications arising 
from the molecular motions (temperature). Only 
very rough determinations of the size of the mag- 
neton can be made in this way. 

Stern and Gerlach, however, have succeeded in 
making accurate measurements of it, using the 
method of molecular beams. 

If a beam of magnetic atoms is produced and 
allowed to pass through a uniform magnetic field, 
there is no visible effect on the beam (105). True, all 
the little magnets tend to set themselves in the direc- 
tion of the field, but there is no deviating force acting 
on them. For the field pulls the north pole of the 
magneton downwards just as strongly as it pulls the 
south pole upwards. Stern hit on the amazingly 
bold idea of making the magnetic field non-uniform, 
so that the forces on the two poles would be slightly 
different; then the two forces would not balance, 
and the atom must be deviated as a whole. 

The attempt proved successful. One pole of the 
magnet was made with a sharp knife-edge, the 
other with a groove (106). Then close to the knife- 
edge the magnetic field actually varies noticeably in 
an interval equal to the diameter of an atom, one ten- 
millionth of a millimetre, and the beam 1s deflected. 

If ordinary mechanics held good, the magnetons 
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would move into the field in all possible directions. 
The magnetons lying at right angles to the direction 
in which the field waries would not be deviated at 
all, those lying along this direction would be deviated 
most of all, and between them there would be inter- 
mediate deviations. The molecular beam would 
therefore merely be broadened; a blurred spot 
would be found on the receiver. Actually, we obtain 
a number of clearly separated lines; in the case of 
silver, two, as shown in Plate III(@d, facing p. 250; 
the same for sodium and hydrogen. 

‘This is a direct demonstration of quantization of 
direction; the magnetons can only take up two 
positions in the field——along the direction of the 
field, or in the opposite direction. 

From the distance between the two lines we can 
calculate the size of the magneton; the result agrees 
excellently with the theoretical calculation. 

Very recently Stern has even succeeded in demon- 
strating the magnetism of the nuclei, which is several 
thousand times smaller. ‘This brings us to the last 
stage of our journey through the restless universe, 
which will take us into the interior of the nucleus. 


CHAPTER V 
Nuclear Physics 


1. Radioactivity. 


UR journey into the interior of matter is like 
going down a deep mine. Strata after strata 
pass by, first the sediments dating from the more 
recent epochs of the earth’s history, rich in fossil 
animals and plants, then the older strata dating back 
to times before life existed on the earth at all; finally, 
if the mine were imagined to go deep enough, we 
should come to the ultimate magnetic rock, which 
forms the core or nucleus of the earth. 

We, too, in our journey have reached the core or 
nucleus of the atom. ‘To show the relative magni- 
tudes of the various layers or strata we have passed 
through, we have made use in (107) (p. 232) of what 
is known as a scale of orders of magnitude. The 
centre corresponds to one centimetre; each line 
is an equal distance from the next, but means a 
length ten times as small or ten times as great. 
This does not, it is true, give us an immediate 
picture of the relative magnitudes, which quite 
transcend our powers of representation; but with a 
little trouble an idea of the magnitudes can be 
derived from this diagram. 


(2 960) 281 Q 
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We began our journey far out among the fixed 
stars. “Che nearest of the fixed stars is at a distance 
of about 1018 cm.; this means that light takes 
several years to reach us from there. Our more 
immediate home in the universe, the solar system, 
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is thus fairly isolated. ‘The radius of the earth’s 
orbit 1s about 10!3 cm.; the radius of the atomic 
nuclei about 10713 cm. The sun whose radiation 
makes our life possible, and the nuclei which form 
the greater part of the matter of which our bodies 
are built up, are therefore at about equal distances 
upward and downward on the “ order-of-magni- 
tude ”’ scale. 

Here it is the lower parts of this scale that we 
are concerned with. After a journey of 1078 cm. 
we reach the atoms in their thermal dance. We 
penetrate into them, and far from finding a state of 
greater rest, we find still wilder motion. The elec- 
trons in the inner shells of a light atom like lithrum 
vibrate about 10!” times per second—a colossal 
number! Let us compare it with long intervals of 
time and ask ourselves the question, what happened 
101” seconds ago? In one year there are 60 X 60 X 
24 X 365=3> 10% seconds, so that 10!’ seconds 
come to about 3 x 108 or 3000 million years. This 
is a longer time than that which has elapsed since 
the formation of the first solid crust on the earth. 
With the heavier atoms, the number of times the 
inner electrons vibrate in a single second is many 
times greater than the number of seconds since the 
““ creation of the world ”’! 

Now we have reached the nucleus and have hopes 
of greater rest, firmness, and solidity——but we find 
none. ‘True, the nuclei are much heavier than the 
electrons, and as a whole they therefore move 
correspondingly less rapidly. What goes on in their 
interior, however, does not promise peace or repose. 
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For if we wanted, say, to sit down on a nucleus to 
rest, it would be advisable to have a good look at 
it first; otherwise it might explode under us like a 
shell. 

Not all nuclei are explosive, of course; otherwise 
matter could not continue to exist. ‘The nuclei 
which have a tendency to explode are naturally rare, 
for in the course of the history of the universe they 
have died out. Hence it was not exactly easy to 
detect them and find out their properties. In fact, 
this is only possible at all because the explosions 
occur with tmmense force, and the fragments shot 
out betray the presence of explosive nuclei even when 
only very few of the latter are present. In 1896 
Becquerel discovered that minerals containing the 
element uranium emit a radiation which ionizes 
gases and blackens a photographic plate. A couple 
of years later the two Curies succeeded, after a 
troublesome process of working up many tons of 
pitchblende (a uranium ore), in separating the 
radiating constituent; it turned out to be a metal 
related to barrum, and was given the appropriate 
name of radium. ‘The idea that the phenomena 
were due to atoms exploding was put forward by 
Rutherford and Soddy in 1903. ‘They showed that 
radium pives rise to a gas, which they called radium 
emanation (nowadays it is usually called radon); this 
again explodes, leaving a solid deposit behind, which 
disintegrates in its turn, and so on, giving a whole 
series of disintegration products, which we shall discuss 
below. ‘I‘wo other disintegration series have been 
discovered, one of which is connected with the 
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radium series. We must, however, first explain 
how it is possible to distinguish and isolate these 
substances, which usually occur in exceedingly 
minute quantities, invisible and unweighable, and 
often have but a short life. 

This is done by studying their “‘ rays ’’, that is, 
the fragments shot out in the explosions; not by 
distinguishing between the kinds of fragments— 
they are always the same few kinds of particles 
—but by counting their number. 


2. The Disintegration Laws. 


We have already used the rays from radioactive 
substances in our investigations of the atom. We 
know the methods for determining their specific 
charge, measuring their intensity in the ionization 
chamber, counting them, photographing their tracks 
in the Wilson chamber, and so on (p. 95). We 
found that there are three kinds of radioactive rays, 
which are denoted by alpha (a), beta (8), gamma (y), 
the first three letters of the Greek alphabet. 

Alpha-rays are positively charged ions. ‘Their 
specific charge is equal to that of the doubly charged 
helium atom. As helium has only two electrons, the 
a-particles must be helium nuclei. It was actually 
found possible to show that when a small glass 
vessel in whicha-particles had been collected was used 
as a Geissler tube it gave the spectral lines of helium. 

The fragments also include fast electrons, called 
B-rays. Finally, there is an electrically neutral radia- 
tion, called y-rays; these are in every respect iden- 


tical with very penetrating X-rays. 
(EZ 969) Q2 
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The most important method for analysing radio- 
active substances consists in observing the decay of 
one or other of these radiations. The decay curves 
obtained are usually very complicated; for even if 
we start with a pure element, it gives rise to fresh 
elements, which go on disintegrating and emitting 
other rays. In fact, it may even happen that the 
radiation, instead of steadily declining, actually rises; 
this happens when a product of disintegration radiates 
more strongly than its predecessor. 

We then try to separate the substances chemically. 
Known substances are added to the solution of the 
radioactive mixture, and we watch whether the 
source of the radiation, or of part of the radiation, 
remains in solution or comes down with the pre- 
cipitate. In this way the Curies showed that the 
activity of pitchblende remains with the element 
barium and is only separable from it with great 
dificulty. The carrier of the radiation, the radium, 
must therefore be an element resembling barium; 
as a matter of fact, it fits into the periodic table 
below the alkaline earth metals magnesium, stron- 
tium, barium. It was also found that a disintegration 
product of the gaseous radium emanation can be 
precipitated along with tellurium, and its successor 
with lead. These are now called radium A and 
radium B. 

Once these separations are carried out the decay 
curves become simpler and smoother. This indicates 
that we are approaching a single substance. Once 
this is obtained, the /aw of decay is always the same; 
it is a law which plays a considerable part in science 
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and also in everyday life. Suppose that someone 
borrows a sum of money on which he has to pay 
yearly interest of 5 per cent. In addition to the 
interest, he wishes to pay back § per cent of the 
borrowed capital each year. Then the debt will 
decrease every year by a twentieth of what is still 
left (108). The law of radioactive disintegration 
is like this. In every small interval of time, the 
same fraction of the atoms which are still left dis- 
integrates. No matter what the quantity we start 
with, by a perfectly definite time exactly half will 
have disintegrated; this is called the half-value 
pertod of the substance. For radium it is I §g0 years. 
Some radioactive substances, however, have much 
longer half-value periods; thorium, for example, 
has a half-value period of 2 < 10/9 years. In others 
it 1s exceedingly brief; a disintegration product of 
thorium, for example, has a half-value period of only 
10% second. Periods as large or as small as this, 
of course, can only be measured indirectly. 

The nature of this disintegration Jaw indicates 
right away that we are dealing with a statistical law. 
This has been confirmed in a great variety of ways. 
Above all, it was found quite impossible to affect the 
disintegration by any means whatever, whether by 
high or low temperatures, electric or magnetic fields, 
or any other influences. ‘This shows at the same 
time that radioactivity cannot reside in the outer 
electronic layers, but must be a xuclear process. 
That the phenomena are of a statistical nature can, 
moreover, be proved accurately by experiments on 
distribution, such as we are familiar with in the 
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kinetic theory of gases. We count (with a Geiger 
counter, say) the number of a-particles shot out 
during a considerable time, which, however, 1s short 
compared to the half-value period. If we divide 
this time into ten portions, say, we do not by any 
means obtain the same number of particles in each 
portion, but their number fluctuates irregularly (109). 
These fluctuations are found to be in accordance 
with the laws of probability, which means that the 
explosions take place wholly at random. No nucleus 
knows how long it will live——-it may explode the 
next instant, or it may last for many years. Only 
one thing is certain: if we have a great number of 
nuclei, we can bet that their decay will o” the average 
accord with the law of disintegration asserted above. 
Radioactivity was the first phenomenon which 
showed elementary processes exhibiting a purely 
statistical regularity. "We may cherish the opinion 
that there must ultimately be some inner reason for 
the fact that one atom lives only a few seconds and 
its apparently identical neighbour many years; but 
no one has yet succeeded in putting his finger on 
the cause. And the new quantum mechanics de- 
clares that there is no sense in looking for it. 

This is not merely a renunciation, but at the 
same time a gain. For the quantum mechanics 
enables us to explain another law of disintegration, 
which is quite unintelligible from the point of view 
of ordinary deterministic mechanics. 

According to Geiger and Nuttall, there is, 1n fact, 
a relation between the length of life of a nucleus 
and the velocity of the a-particle shot out from it. 


NUMBER OF PARTICLES 
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The shorter the half-value period of the nucleus, the 
faster the a-particle, the relation being shown by the 
curve in the figure (110). On the basis of ordinary 
mechanics, it is really impossible to explain the 
explosion of the nucleus. In ordinary mechanics a 
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system of particles is either stable or unstable; in 
the first case it persists indefinitely, in the second it 
breaks down at once. To devise a mechanism which 
would explain the statistical regularity of the ex- 
plosions would be very difficult. 

From the point of view of wave mechanics, how- 
ever, the problem immediately becomes intelligible, 
and it brings out the characteristic features of this 
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theory in a particularly beautiful way. Here a fairy 
tale may appropriately be told. 

Once upon a time there were two boys who 
rescued a gnome from a serpent in the forest. In 
gratitude he gave each of them a money-box of a 
peculiar kind. —TThese money-boxes took the form of 
earthenware balls, and when they were shaken the 
agreeable chink of gold pieces was heard. But no 
opening for putting in or taking out money could 
be seen. ‘* That’s not necessary,’ said the pnome, 
““only shake the ball vigorously and the gold will 
jump out, and I will see to it that the box is never 
empty.’” ‘The boys began to shake their money- 
boxes. But one of them soon got impatient, lost his 
temper, and smashed the money-box. He found one 
gold piece inside and that was all. The other boy 
was a “* pood boy ”’’ and went on shaking his box 
and enjoying the pleasant chinking sounds. Suddenly 
a gold piece jumped out, without there being any 
hole in the earthenware ball. “The boy went on 
shaking and shaking, and from time to time, after 
longer or shorter intervals, a gold piece came out, 
till at last he became a rich man. But as he was not 
only good and patient, but clever too, he pondered 
over the magic box and soon found out how it 
worked: the gnome had simply appointed the sound- 
waves of the chinking gold pieces to be their de 
Broglie waves. He published this discovery and 
became a celebrated physicist, just like Gamow, who 
discovered the same magic in the case of the atomic 


nuclei. 
For what we have just described as happening in 
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a fairy tale, pieces of solid matter moving through 
solid walls, does actually happen when nuclei emit 
a-particles. “The force holding the a-particle in the 
nucleus may be thought of as like a crater with the 
particle tearing round inside it. The particle has a 
definite energy, represented in figure (111) by a 
straight line; the particle can reach that height, but 
never surpass it. EFfence according to classical 
mechanics it must be a prisoner in the crater to all 
eternity—like the gold pieces in the money-boxes in 
the fairy tale. According to wave mechanics, how- 
ever, the a-particle is a vibration in the crater: the 
vibration is by no means confined to the interior, 
however, but penetrates a little way into the wall of 
the crater and into the space outside (112). Just as 
the chinking of the gold pieces could be heard outside 
the money-box, quite feeble de Broglie waves are 
continually leaving the nucleus. ‘These indicate that 
there is a certain small probability of suddenly find- 
ingg the a-particle outside, rushing on with the same 
velocity as it had in the interior of the nucleus. Ina 
sense it pierces through the wall of the crater, so that 
we speak of a *“‘ tunnel effect ’’. We could imagine, 
instead, that it scrambled over the top of the wall; 
but then the principle of energy would be contra- 
dicted during the climb. ‘This is a matter of taste. 
Neither idea can be tested by experiment; they are 
just different ways of picturing a process which 
cannot really be concretely realized. 

Geiger and Nuttall’s law is now fairly obvious. 
We have only to assume that the height of the crater 
wall which is to be surmounted, or, in physical 
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language, the “‘ potential barrier *’ or “* energy thres- 
hold ’’ which is to be passed, 1s nearly of the same 
height and thickness for a-particles from warious 
radioactive nuclei. ‘Then it ts clear that a-particles 
of higher energy have only to break through the 
thinner upper part of the wall, and hence have a 
better chance of escape than a-particles of lower 
energy, which have to penetrate the thicker foot of 
the wall (113). 

‘That this is really so follows from the fact, known 
from scattering experiments, that Coulomb’s law 
still holds down to a distance of 3 <x 10717 cm. from 
the nucleus of the heaviest element, uranium); it is 
then easy to calculate that there the energy of elec- 
trical repulsion (that is, the height of the crater) is 
more than twice that of the emerging a-particle. 

We thus have a beautiful application of wave 
mechanics to nuclear phenomena, even although 
the crater comparison must be regarded as very 
rough and sketchy. Before we attempt to refine it, 
we must learn a great many more facts about the 


structure of nuclei. 


3- Ssotopes. 

If the disintegration theory is correct, that is, if 
radioactivity 1s a question of the formation of fresh 
muclei1 by the splitting-off of fragments (helium 
nucle1 or electrons), the periodic system of the ele- 
ments 1s at once enriched by a whole crowd of new 
elements. “The pressing matter now is, do these 
fit into the periodic system? We were brought up 
in the belief that practically all the elements were 
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already known. Now a few dozen more turn up 
and have to be fitted in somewhere. It seems im- 
possible, and would indeed have been so, if the older 
chemists had been right in holding that the atomic 
weight is the important thing, the essential charac- 
teristic of a chemical element. Meanwhile, how- 
ever, physical discoveries have shown that this 
idea is false: it is the atomic number, that is, the 


Uranium -Radtum Series 





number giving the nuclear charge, that determines 
the number of electrons outside the nucleus, hence 
the structure of the swarm of electrons, and hence the 
physical and chemical behaviour of the atom. The 
nuclear mass is obviously a secondary matter. Why 
should it not happen that two nuclei have the same 
charge but different masses? 

That this does happen was first recognized in the 
case of the radioactive disintegration series. “There 
are three such series, which are shown in (114). 
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Radium is not the starting-point of a series, but 1s 
itself a product of disintegration. The two first 
series start from uranium, element number 92, the 
third from thorium, element number 90. ‘The zig- 
zag paths of the series arise from the fact that the 
emission of an a-particle is indicated by a jump 
downwards, that of a B-particle by a jump to the 
right. At the same time, nuclei which emit 
a-particles are shown shaded, those which emit 
B-particles being unshaded. The sizes of the circles 
roughly correspond to the half-value periods, the 
biggest circles being of course those of the long- 
lived end-products. 

As a-particles are helium nuclei, with charge 2 
and mass about 4, an element which emits a-rays 
must be transformed into one whose atomic number 
is two units less, that is, one which lies two places 
farther back in the periodic table. Again, the emis- 
sion of B-rays raises the nuclear charge by 1; for 
the electron is negative, so that its loss means an 
increase Of (positive) charge. Hence an element 
which emits B-rays moves one place forward in the 
periodic table. This is the “‘ law of radioactive 
transformation ’’. 

As the chemical nature of many members of the 
disintegration series can be determined by the pre- 
cipitation method mentioned on p. 236, the law can 
be tested experimentally, and has been found to apply 
throughout. We now see immediately that a par- 
ticular atomic number occurs not once, but re- 
peatedly, and can even occur more than once in the 
same series. Thus in the uranium and thorium series 
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the atomic number of the starting-point, 92, again 
occurs as that of the fourth disintegration product. 
Ra A, Ac A, and ThA all have the same atomic 
number, 84. More important still, this is true of 
all three end-products Ra G, Ac D, and Th D; their 
place in the periodic table, 82, however, is already 
filled by lead. TThese four substances, and a few more 
(such as Ra D, Ac B, Th B) are therefore of the 
same chemical nature—though by no means iden- 
tical, for they differ in atomic weight. This is shown 
by the atomic weight scale on the right. The atomic 
weight is actually known, provided only oze sub- 
stance in each disintegration series is available in a 
quantity sufficient for its atomic weight to be deter- 
mined directly by chemical methods and the use of 
the balance. For then we have only to run through 
the series: every emission of an a-particle lowers the 
atomic weight by 4, every emission of a B-particle 
by 1/1840, that is, practically not at all. Now it 
was found possible to prove by direct methods that 
the three end-products resembling lead differ in 
atomic weight. It is clear that, if this theory is correct, 
lead must occur in all radioactive minerals, owing 
to the accumulation of end-products. This 1s actually 
the case. ‘The atomic weights of lead from uranium 
ores and of lead from thorium ores can be deter- 
mined, and different values are actually obtained, 
the differences being in the directions indicated by 
the theory. 

Hence there is no doubt that different nuclei can 
exist with the same charge but different masses. 
These are called tsotopes (Greek isos, equal; sopos, 
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place, that is, elements which occupy the same place 
in the periodic table). 

Now it seemed very probable that the pheno- 
menon of isotopy might also occur with other non- 
radioactive nuclei. For we know that although the 
atomic weights exhibit a definite tendency towards 
whole numbers (for example, Li 6-94, Be 9-02, 
C 12:00, N 14:008), there are some quite marked 
deviations from whole numbers among them (for 
example, Mg 24:32, Cl 35-457, Zn 65°38). Might 
not the old hypothesis of Prout, which we mentioned 
in Chapter II (p. 56), be true when applied, 
not to the whole atoms, but to the atomic nuclei? 
Might not pure isotopes be merely clumps of 
protons—perhaps with a few electrons to stick 
them together—and might not the chemical, non- 
integral atomic weights arise from the mixing of 
isotopes? ‘The latter is actually the case. The method 
by which J. J. Thomson succeeded in proving it 
is that commonly employed in atomic physics: the 
production of rays consisting of the particles under 
investigation, and electromagnetic deviation of these 
rays. 

Beams of positive ions can be produced in evacu- 
ated tubes in various ways. As was found by Gold- 
stein, for example, they occur in ordinary Geissler 
tubes if holes or “ canals ’’ are made in the cathode 
(115). The electrons emitted by the cathode ionize 
the atoms of gas with which they collide, and the 
positive ions thus produced fall on to the (negative) 
cathode, on which, as a rule, they are caught. If, 
however, an ion happens to land in a perforation, it 
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passes through it and out at the other side. This 
type of posttive rays 1s sometimes given the name of 
canalrays. 

If the cathode fits the tube tightly, so that no 
gas can enter the region behind it, a high vacuum 
can be produced on the side where the positive 
rays emerge, for very little gas can pet through the 
fine perforations. ‘The positive rays then have quite 
along range. In the case of many substances positive 
rays can also be produced by spreading a thin sheet 
of the substamce over the anode; atoms are then 
torn out of this, losing their electrons, that is, be- 
coming positive ions. We then have anode rays. 

‘These positive rays can be deviated and detected 
photographically, just like cathode rays. As a rule 
we obtain a number of different tons, as shown in 
Plate V(a), facing p. 258; each of the parabolic streaks 
corresponds to one particular kind of ton, the ratio 
charge 
mass 
same parabola, the velocity of the ion alone varying 
from point to point. 

In this way J. J. “‘Ihomson succeeded in proving 
that the gas neon, for example, has, in addition to 
the main parabola, a feebler one corresponding to a 
mass greater by 2 units. 

‘The method was brought to a high degree of 
perfection by Aston. His apparatus (116), known as 
the mass spectrograph, is so adjusted that ions of one 
kind but of differing velocity do not meet the 
photographic plate along a parabola, but are united 


at a single point, just as light is at the focus of a 
(Cm 969) R 


being the same for different points of the 


(116) 
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lens. ‘The sensitiveness of the apparatus is thus 
greatly increased, the accuracy of the mass deter- 
minations actually being considerably higher than 
that of the chemist. 

Plate V(c), facing p. 258, shows a so-called mass 
spectrum, that 1s, the spots on the plate which corre- 
spond to the different kinds of ions. A glance at it 
will suffice to convince anyone of the integral nature 
of the atomic weights; the spots are at regular 
distances apart, which are all integral multiples of 
a certain minimum distance. This has of course 
been confirmed by careful measurements—in which, 
however, deviations again became evident, which 
needed fresh arguments to explain them. 

At any rate, Prout’s hypothesis holds in the follow- 
ing form: 

All nuclei have masses which, apart from small 
deviations, are integral multiples of the mass of the 
proton. The integer 1s called the mass-number. 

As a glance at Table III (p. 249) shows, almost all 
chemical elements are found to be a muxture of 
isotopes. This is the reason for the larger deviations 
of the chemical atomic weights from whole numbers. 

Attempts have naturally been made to obtain the 
separate isotopes pure, and in many cases this has 
actually been done. For example, the two lithium 
isotopes of masses 6 and 7 can be separated by 
electromagnetic deviation of their positive ions, at 
least to such an extent that the extremely thin 
deposits obtained can be used for all manner of 
other experiments (such as bombardment of these 
deposits with other particles, and so on). In the 
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TABLE III 


TABLE OF ISOTOPES 
The isotopes are arranged in each case in the order of frequency of occurrence 
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the radioactive isotopes are indicated by an asterisk. Kadioactive isotopes produced 
artificially are not included. 


Element 


Zz 





OCONDMA Oh 


Isotopes 


16, 18, 17 

20, 22, 21 

24, 25, 26 

28, 29, 80 

32, 34, 83 

85, 37 

40, 36, 88 

30, 41° 

40, 44, 42, 43 

48, 60, 46, 47, 49 

52, 53, 50, 54 

56, 64, 57 

58, 60, 62, 61, 56(2), 64(?) 
65 

64, 66, 68, 67, 70 
71 

74, 72, 70, 73, 76 

80, 78, 76, 82, 77, 74 
81 

84, 86, 82, 88, 80, 78 

85, 87° 

88, 86, 87 

90, 94, 92, 6, 91 

96, 95, 92, 94, 100, 

102, 101, 104, 100, 99, 
98? 


103 
107, 109 

114, 112, 110, 118, 111, 
116, 106, 108, 115 
115, 113 


Element 


Sn 


zZ 


Isotopes 


120, 118, 116, 119, 117, 
124, 122, 121, 112, 
114, 115 

121, 1238 

1380, 128, 126, 125, 124, 
122, 128, 127? 

127 

120, 182, 181, 184, 186, 
180, 128, 124, 126 

133 

138, 185, 186, 187 

139 

140, 142 

141 

146, 144, 142, 145, 143 

144, 147, 148, 149, 150, 
152, 154 

151, 153 

155, 156, 157, 158, 160 

159 

161, 162, 168, 164 

165 


166, 167, 168, 170 

169 

171, 172, 178, 174, 176 

175 

176, 178, 180, 177, 179 

181 

184, 186, 182, 188 

187, 185 

192, 190, 189, 188, 186, 
187 

202, 200, 199, 201, 193, 
204, 196 

205, 208, 207°, 208, 
210° 


208, 206, 207, 204, 203?, 
210°, 


214° 
210®, 211%, 212¢, 2140, 
215%, 216°, 218¢ 
222° 219%, 2208 
226°, 2238, 204¢, 2280 
227°, 2288 
232°, 227%, 228°, 2308, 
234° 
281°, 234¢ 
238°, 234° 
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case of mercury the separation has been carried out 
by making use of the fact that the heavier isotope 
evaporates rather more slowly than the lighter. As 
was shown by Hertz, many gases can be separated 
by making them pass through the pores of earthen- 
ware cylinders; the lighter atoms pass through 
more rapidly than the heavier, and if the process is 
repeated sufficiently often, the separation of the 
isotopic gases is eventually complete. 

This, of course, is extremely important. For if 
we wish to investigate the nucleus more closely, we 
must be sure that we have a definite kind of nucleus 
to work with. But two isotopic nuclei, such as the 
two boron nuclei with masses 10 and II mentioned 
above, differ from one another just as much as they 
do from the nuclei of the following element, carbon, 
with masses 12 and 13. ‘The fact that owing to 
their equal charges they are surrounded by identical 
swarms of electrons, and hence are chemically indis- 
tinguishable, 1s of quite minor importance so far as 
the nuclei are concerned. From the point of view 
of nuclear physics, the electronic shells are masks 
which disguise the true appearance of the nuclei— 
simulating identity where no such thing exists. 

Conversely, there are also masks which over- 
emphasize a difference. For example, chlorine has 
an isotope which has the same mass, 39, as the 
principal isotope of potassium. Such nuclei are said 
to be tsobaric, that is, of equal weight (Greek J4arys, 
heavy). “They contain the same number of protons, 
but differing numbers of electrons. ‘Table III 
(p- 249) shows a number of such cases. 
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We now have the material necessary to enable us 
to penetrate farther into the interior of matter: 
unmixed nuclei, all of which are clearly made up of 
protons. Now it does not seem too difficult to find 
out how the nuclei are built up. The next lightest 
nucleus after the proton is that of helium. Its mass 
is 4 and its charge 2, so it presumably consists of 
four protons and two electrons; these are shown in 
figure (117) in rather a fanciful arrangement. The 
lighter lithium isotope with mass 6 and charge 3 
will consist of six protons and three electrons, and 
so on (118). 

We can even tell what the energy of binding of 
these nuclear systems will be. We have only to 
recall that the masses of the nuclei exhibit small 
deviations from integral values. We know that a 
heaping-up of mass implies a storing-up of energy. 
The small mass-defects, as the deviations from exact 
multiples of the mass of a proton are called, show 
how much energy is liberated in the building-up of 
the nuclei. An example will make this clear. The 
helium nucleus possesses no isotope in any notice- 
able quantity. Yet its atomic weight 4-002 differs 
by quite an appreciable amount from four times the 
weight of a proton, 4 X 1:0078 = 4:0312; in fact the 
difference 0-029 1s relatively greater (per proton) than 
for most other nucle1. This means that a particularly 
large amount of energy is required to split up the 
helium nucleus: its binding 1s very strong. 

The numerical result at once explains why in 
radioactive disintegration a-particles, that is, helrum 


nuclei, are shot out whole. 
(B 969) R2 
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To obtain the binding energy in ordinary me- 
chanical units, we have to multiply the mass-defect 
0-030 by the square of the velocity of light (3 * 101) 
<x (3 « 101%) = 9 x 10%, We then obtain an 
amount of energy which, compared with the energy 
of ordinary chemical processes, 1s enormous; it 1s 
many million times greater than the heat of com- 
bustion of coal—both being calculated for the same 
number of atoms. 

The mass-defects of all nuclei exhibit definite 
regularities. [hey increase as we pass to elements 
of higher nuclear charge; from the middle of the 
periodic table onwards the rise becomes slower, 
falling off rapidly as we approach the radioactive 
nuclei. This is not surprising; it merely indicates 
that these nuclei are unstable and have a tendency 
to explode. 

What sort of forces are these which are developed 
in the nuclei? And why do the particles crowd 
together into such a narrow space under their in- 
fluencer Why are the protons always in excess, so 
that the nuclei are always positive? Could negative 
nuclei not exist? Or at least nucleus-like particles in 
which the number of protons is equal to the number 
of electrons, “‘ neutrons ’’? (These could not, of 
course, form the nuclei of atoms, for they could not 
attach external electrons to themselves.) 

These problems long formed matter for specula- 
tion, since nothing definite was known—until a 
succession of fresh discoveries threw some light on 
them. 
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4. The Deuteron. 

Hydrogen and oxygen play a special part in prac- 
tical physics. Their compound, water, is used as a 
standard substance in many measurements. For 
example, when the metric system of units was set 
up, the unit of mass (the gramme) was originally 
defined as the mass of a cubic centimetre of water 
at a definite temperature. Again, the centigrade 
scale of temperature is associated with the boiling- 
point and the freezing-point of water. Similarly in 
many other cases. Oxygen serves as the standard 
of atomic weight, and the hydrogen nucleus, 
the proton, is the unit of nuclear structure. All 
this 1s based on the idea that pure hydrogen, 
pure oxygen, and pure water are _ well-defined 
substances. 

The first of the discoveries which we have to 
consider plays havoc with this assumption: for both 
hydrogen and oxygen are found to be mixtures 
of isotopes. Although in both cases the quantity 
of the one isotope is enormously large compared 
with that of the other, yet in the case of hydrogen, 
at least, we are faced with the serious fact that the 
rarer isotope is just twice as heavy as the ordinary 
one. In all other cases the difference between the 
weights of the isotopes is fairly trifling compared 
with their own weights. For this reason they are 
difficult to separate and play no great part in the 
everyday life of the physicist or chemist. Heavy 
hydrogen, however, is really quite a different sub- 
stance from ordinary hydrogen, and hence has been 
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given a special name. The nucleus with charge 1 
and mass 2 is called a deuteron (Greek proton, the 
first; deuteron, the second), and the corresponding 
element (heavy hydrogen) is often called deuterium, 
its symbol being D. 

The history of the discovery of the deuteron ex- 
emplifies how minute deviations of measurements 
from the values expected on theoretical grounds 
lead to the conviction that a new body exists, and to 
its actual discovery. [he astonishing thing is the 
firm faith which experimenters have in the exactitude 
of their determinations. ‘This sort of occurrence, 
however, is nothing new. The planet Neptune was 
discovered because small deviations in the orbits of 
the other planets could not be explained unless by 
the assumption that some unknown body was per- 
turbing them; its orbit was predicted from the 
deviations, and the planet was actually found in the 
very spot where it was expected. ‘The discovery of 
the rare pases of the atmosphere forms another ex- 
ample. Here it was the minute discrepancy between 
the densities of “‘ atmospheric nitrogen ’”’ (the gas 
left after oxygen is removed from air) and nitrogen 
obtained from one of its compounds that led to the 
suspicion that an unknown constituent (argon) was 
present, and to the proof of its existence. 

One method of discovering isotopes is by spectro- 
scopy. We go back to the result, deduced from Bohr’s 
theory, that the positions of the spectral lines of 
atoms depend to a slight extent on the nuclear mass; 
we have seen that the spectrum of the singly-charged 
helium ion could be distinguished from that of the 
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hydrogen atom (p. 179). Exactly the same must hold 


for two isotopes; their spectral lines will be arranged 
in the same way, but will be slightly displaced re- 
lative to one another, owing to the difference of 
nuclear mass. In this way it was first discovered 
that ordinary oxygen, O = 16, has two isotopes 17 
and 18, though these are present only in extra- 
ordinarily small quantities. “This discovery led in- 
directly to the discovery of the hydrogen isotope. 
A new determination of the atomic weight of hydro- 
gen relative to the principal oxygen isotope 16 was 
made, in which the other two isotopes 17 and 18 
were taken into account. The mass of the hydrogen 
nucleus had also been determined by Aston’s mass 
spectrograph, and the two values did not exactly 
agree. ‘The difference amounted only to one in five 
thousand, but its existence was sufficiently estab- 
lished to give rise to a search for a hydrogen isotope 
of mass 2. Urey succeeded in detecting this isotope 
spectroscopically. Soon it was possible to obtain it 
in an almost pure state by the electrolysis of water. 
Molecular hydrogen really consists of three gases, 
namely, ordinary H,, HD,, and D,; the latter is of 
course only present 1n very minute amount. Water 
also consists of three different sorts of molecules, 
H,O, HDO, and D,O. In electrolysis the lighter 
Hi, is liberated five or six times as rapidly as the 
other kinds of hydrogen; hence the heavy isotope 
accumulates in the water left behind. By electro- 
lysing the residue over and over again, almost pure 
heavy water (D,O) is thus obtained. ‘To-day heavy 
water can actually be bought—at least if one has 
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plenty of money, for the process by which it is 
manufactured is expensive. 

The molecular weight of heavy water is 2 x 2 
+ 1620, as compared with 2*1-+16=—18 for 
ordinary water; that is, the difference is as much as 
10 per cent! The exact mass of the D nucleus is 
2°0136; deducting this from the mass of two 
protons, 2 * 1-0078 =—2-0156, we obtain the mass- 
defect or energy of formation of the deuteron, 
namely, 0-0020. ‘This is very much smaller than 
the energy of formation of the helium nucleus, 
which is 0-030. ‘The properties of ‘‘ heavy water ”’ 
(D,O) differ very considerably from those of ordinary 
water (H,O); its freezing-point is 3-8° and its 
boiling-point 1-4° higher, and its density actually 
II per cent greater! 

In all compounds of hydrogen the H atoms can be 
replaced by D atoms. Hence quite a new branch of 
chemistry has arisen, which 1s even of importance in 
biology. 

Fortunately, the discovery of deuterium does not 
mean an overwhelming catastrophe so far as the 
certainty of standard physical units is concerned. 
In any case, we are long past the stage of defining 
the gramme or unit of mass by means of water. 
Instead, there is a piece of platin-1ridi1um metal, 
kept in Paris, which by international agreement is 
taken to represent the unit 1 kilogram (1000 
grammes). In other cases, such as the temperature 
scale, the effect of the minute quantity of heavy 
water is so trifling that it can be ignored. From 
the philosophical point of view, however, it 1s very 


THE DEUTERON 257 


interesting to see how determinations which at one 
time were regarded as the firm foundations of physics 
have subsequently become untenable owing to the 
refinement of observations. 

For the physicist the importance of the discovery 
of the deuteron lies chiefly in the fact that it is 
certainly the simplest composite nucleus, whose be- 
haviour when bombarded itself, or when used as a 
projectile, is very instructive. 


5. The Neutron, 


The idea that the atoms of electricity, the electron 
and the proton, are the ultimate units out of which 
matter is built up was a simple and beautiful one. 
But, alas, it is wrong. ‘There are other particles as 
well which have an equal right to the title of ultimate 
atoms. 

In the first place, 1t was found that wxeutrons 
(p. 252) do actually exist. ‘Their discovery is closely 
bound up with another discovery, namely, that 
nuclei can be excited and made to emit light, just 
as atoms can. ‘This had been suspected for a long 
time. The y-rays, of the same nature as light, which 
are emitted by radioactive substances, can be ex- 
plained in the following way. When a nucleus ex- 
plodes, the nuclear residue does not remain in the 
ground-state, but 1n an excited state, subsequently 
jumping back to the ground-state and emitting a 
proton. ‘Thus the y-rays indicate the existence of 
energy-levels in such nuclei as form the end-product 
of a nuclear explosion. Do these energy-levels not 
exist in ordinary nuclei also? 
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Bothe and Becker did actually succeed in causing 
light nuclei, lithium and beryllium, to emit y-rays, 
by bombarding them with a-rays. ‘This is an exact 
analogy to the excitation of ordinary atoms so that 
they emit light, by bombarding them with electrons. 

Ais these y-rays pass through matter they have 
an ionizing effect, knocking electrons out of the 
atoms. “This process can be traced out in the Wilson 
chamber; along the y-ray track we find tracks of 
ions, which of course always occur in pairs, one 
positive and one negative. 

‘The study of this phenomenon led Joliot and his 
wife JIréne, daughter of M. and Mme Curie, the 
discoverers of radium, to make a remarkable dis- 
covery. For they found that the secondary radiation 
emitted by beryllium when it is bombarded by 
a-rays knocks particles out of parafiin-wax and other 
substances containing hydrogen (119); and these 
particles, by their ionizing properties and their tracks 
in the Wilson chamber, certainly could not be elec- 
trons. It turned out that they are protons, and that 
even the heavy nuclei of helium and nitrogen (Plate 
Vid), facing p. 258) can be set in motion by the 
secondary radiation from beryllium. It is unthink- 
able that the »-rays should have such an effect; their 
light-quantum or photon is so light in comparison 
with the proton that it could no more impart a large 
velocity to the latter than a tennis-ball could do to 
a motor-car which it happened to hit. 

Chadwick recognized that it was seutroms that are 
liberated from beryllium on bombardment with 
a-rays. For the point where the proton becomes visible 
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in the form of a cloud-track is not connected with the 
beryllium by another cloud-track (see Plate V(d)); 
the new radiation has no effect on the external 
electrons of the atoms, and therefore cannot consist 
of anything but uncharged particles. ‘These must 
have a mass about equal to that of the proton, and 
if they collide centrally with a proton, they set it in 
motion. It is even possible to determine the mass 
of the neutron very accurately, by comparing the 
results of its collisions with various nuclei, such as 
those of hydrogen and nitrogen. ‘The result is that 
the neutron is found to have the same mass as the 
proton. 

These neutrons behave quite differently from all 
kinds of rays previously known, whether of light or 
of charged particles. When the latter pass through 
matter, the process of retardation and finally of 
absorption is chiefly a matter of their energy being 
given up to the external electrons of the substance. 
As the number of external electrons 1s approximately 
proportional to the nuclear mass, the intensities of 
absorption of different substances are approximately 
proportional to their masses. [hus a layer of lead 
has a much more powerful retarding effect than an 
equally heavy. layer of aluminium or of paraffin- 
wax. In the case of neutrons it is quite different. 
Neutrons pay no attention to the external electrons, 
but are retarded only by direct collisions with 
nuclei. As the latter are almost all about the same 
size, it 1s a question of the number of nuclei per 
cubic centimetre. Here, however, the lighter sub- 
stance has the advantage. For 1 gramme of hydrogen 
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contains 16 times as many nuclei as I gramme of 
oxygen, i.e. has 16 times as great a retarding effect 
on neutrons. Neutrons penetrate through thick 
layers of lead, which are a sure protection against 
all other kinds of rays, and are held up by thin 
layers of light substances, which are no obstacle at 
all to a-rays. Witydrogen has a peculiar effect, in 
that 1t does not stop the neutrons completely, but 
merely retards them; quite slow neutrons can be 
produced with the help of a layer of parafiin-wax 
or water. ‘This 1s obviously due to the fact that the 
neutrons have about the same mass as the hydrogen 
nuclei and hence in colliding with the latter give up 
about half their energy. 

What is a neutron like, then? It may be imagined 
as being a very close combination of an electron 
and a proton, in which the binding is much closer 
and stronger than the binding between the electron 
and the proton in the hydrogen atom. Why two 
such types of combination should exist, one firm and 
one loose, is quite unknown.—Yet another new and 
important discovery followed, which opened up new 
possibilities of explanation. 


6. The Positron. 


None of the theories of electricity hitherto put 
forward gives the least clue to any explanation of the 
fact that positive electricity and negative electricity 
do not occur in exactly the same way, but in 
the form of the proton and the electron, with their 
widely differing masses. It had long been conjec- 
tured that positive electrons (of small mass) and 
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negative protons (of large mass) could also exist; 
but it was only the quantum mechanics in its most 
refined form, due to Dirac, that led to the definite 
opinion that this must be so. The positive electrons or 
posttrons were actually discovered from observations 
of a wonderful phenomenon known as the cosmic 
rays. ‘These in themselves are of very great interest, 
and we shall accordingly give a brief account of 
them here. 

Even in empty space there 1s no rest. Ewerywhere 
light-waves coming from the luminous stars are 
in continual oscillation. Here and there an atom is 
found wandering about by itself; their density in 
interstellar space is estimated at about I atom per 
cubic centimetre. Further, the sun is continually 
shooting out very fast electrons; these give rise to 
the aurora (“*‘ northern lights ’’). For we know that 
an electron is deviated by a magnetic field, in a cork- 
screw-like path, the coils of which become closer, 
the stronger the field and the slower the electron. 
Now it is well known that the earth 1s a magnet. 
The electrons shot out by the sun come into the 
earth’s magnetic field and are deflected into spiral 
paths winding round the magnetic poles of the 
earth. Stgrmer has worked out these paths and has 
shown that no electrons can reach the equatorial 
regions, but that they must accumulate in high 
northern and southern latitudes. The phenomenon 
can even be imitated experimentally by letting cathode 
rays fall on a small magnetized iron sphere, as 
shown in Plate VI(2), facing p. 262. 

‘These electrons are also responsible for the exis- 
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tence of a layer of ionized gases very high up in the 
atmosphere, the so-called Kennelly-Heaviside layer, 
which, strange to say, is of great importance for us. 
For it is electrically conducting and acts like a 
miurror for electric waves, just as a metal mirror does 
for light. ‘This is why our radio transmitters have 
such a wide range, in spite of the curvature of the 
earth; the waves cannot get out into space, but are 
thrown back, once, twice, or many times, and thus 
reach the surface of the earth at a great distance, so 
that we can hear music from America (120). 

The electrons from the sun, however, do not ac- 
tually reach the surface of the earth; but there 
are other missiles flying through space with colossal 
energies, some of which do reach us. It is about 
twenty-five years since this barrage was first noticed 
on the earth. The ionization chambers used to 
detect radiations in the laboratory never show 
absolutely wo current; counting apparatus, too, 
always gives a few deflections. ‘This is partly due 
to the fact that everywhere in the earth there are 
traces of radioactive substances, which occasionally 
send a particle through the apparatus. But even 
when the apparatus is shielded as far as possible from 
terrestrial effects by thick sheets of lead, there always 
remains some radiation which cannot be got rid of. 

Eiess was the first to take an 1onization chamber up 
with him ina balloon; he found that the radiation 
increased as he went up. Later these experiments 
were extended to great heights by means of aero- 
planes and balloons with or without observers, as 
in Piccard’s celebrated stratosphere flight. ‘The 
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greatest heights reached with balloons carrying self- 
registering apparatus are about 30 kilometres. These 
observations clearly indicate that the radiation falls 
on the earth from outside. It cannot originate in 
the highest layers of the earth’s atmosphere, say, 
as a result of the electrical tensions which are 
discharged in the lower layers of the atmosphere by 
thunderstorms. For it was proved that the radiation 
decreases slightly towards the equator; the natural 
explanation of this is that the radiation consists of 
charged particles, which come from outer space into 
the magnetic field of the earth and are deviated by 
it, just like the electrons which cause the aurora, 
but to a much smaller extent, owing to their greater 
velocity. The radiation does not come from the sun, 
or from the Milky Way, or from any other special 
direction. It seems to fill all space. Its energy must 
be immensely great; for it can be detected at the 
bottom of deep lakes 500 metres below the surface 
of the water. 

At last experimenters succeeded in making the 
particles of which the radiation consists visible in 
the Wilson chamber. YVhe whole chamber was put 
between the poles of a strong magnet, and curved 
tracks were then seen (Plate VI(4), facing p. 262). 
The energy can be calculated from the curvature, 
and the particles are found to have energies equal to 
those of electrons which have been subjected to an 
electrical tension of several hundred or even thousand 
million volts. 

But these rays, which are observed here on the 


surface of the earth, are certainly not the original 
(gz 969) S 
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cosmic rays alone, but a muxture of these with 
secondary rays produced by the cosmic rays as they 
pass through the matter in the atmosphere or 
apparatus. 

It was these rays originating mysteriously some- 
where in space that drew attention to the existence 
of positive electrons. Anderson was the first to 
notice that often the same plate will exhibit tracks 
of opposite curvatures, which appear to come from 
the same point of the wall of the chamber. He was 
also the first to express the view that they were due 
to positive electrons. “They could not be proton- 
tracks, for they looked exactly like those of ordinary 
electrons. The possibility that the tracks curving 
the wrong way were due to ordinary negative elec- 
trons moving backwards seemed improbable, 1n view 
of the common starting-point of the tracks; whole 
showers of particles were found (Plate VI(4)), which 
must obviously arise from a sort of explosion in the 
nuclei of the atoms of metal in the apparatus when 
struck by a cosmic particle. At last it was proved 
directly that the suggestion that the paths are de- 
scribed backwards will not do. A lead plate was 
placed in the chamber, and particles were occasionally 
observed to pass through the plate (Plate VI(c). 
Where the path is more strongly curved, the particle 
is slower; the lead plate can, of course, only retard 
the particles, so the direction of their motion Is 
definitely indicated. The results led perforce to the 
conclusion that positive electrons occur in the cosmic 
radiation. 

Soon it was also found possible to produce posi- 
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tive electrons in other ways. When light elements 
are bombarded with y-rays, electron-pairs are ob- 
served to appear in the Wilson chamber, a’ positive 
electron and a negative electron shooting out from 
the same place. 

‘These and similar observations raise a host of 
questions: why do the positrons occur so rarely in 
the universe? Do they lie hid in the nuclei? Are they 
liberated from there by light? Why is a positron 
always accompanied by a negative electron?r 

‘he answers to the last two questions were given by 
the theory of Dirac mentioned on p. 209, even before 
the experiments had led to them being asked; and 
the results have now been confirmed by new direct 
experiments. A bold assertion is made, and yet one 
that is consistent with the line which physics has 
followed from the beginning: matter does not 
persist from eternity to eternity, but can be created 
or destroyed. <A positive electron and a negative 
electron may annihilate one another, their energy 
flying off in the form of light; but they can also 
be born, with the annihilation of light-energy. 

Once the equivalence of mass and energy had been 
recognized, the possibility that material particles, 
electrons in particular, can be created or destroyed 
was often thought of. But now the phenomenon 
is made visible to our eyes. For in the Wilson 
chamber we actually see the birth of an electron- 
pair (Plate VII(4), facing p. 266). ‘The reverse 
process, the collision and vanishing of a positive 
electron and a negative electron, has been demon- 
strated with equal certainty. 
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The state of affairs 1s therefore as follows: each 
electron seeks for a partner of the opposite kind and 
rushes to unite with it. In this wild wedlock the 
parents disappear and a pair of twin photons are 
born. But not all electrons find a partner. In our 
part of the universe there is a superfluity of the 
negative kind. Whyr We have no idea. In other 
parts of the universe, perhaps, the reverse may be 
true. 

Perhaps negative protons also exist—no one has 
succeeded in finding them yet. And perhaps there are 
regions in the universe where these are in excess. 
There positive electrons would circulate round 
negative nuclei. Matter of that kind, however, 
would not greatly differ from our matter: the tn- 
habitants of such regions would observe exactly the 
same physical laws. Light might bring us a message 
that everything there was electrically reversed. But 
the message would probably be too faint and too 
indistinct for us to decipher. 


7. INuclear Transformations. 


We have firmly established the existence of four 
elementary particles: two light ones, the electron 
and the positron, and two heavy ones, the proton 
and the neutron. Probably these are too many. For 
it is likely that combination of 


a proton and an electron) _=.- : a neutron, 
. will give 
a neutron and a positron a proton. 


Either neutron or proton must be composite. This 
leads to the general question of the structure of 
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composite nuclei. But what anatomust’s knife is 
sharp enough to cut asunder bonds which are 
millions of times stronger than the strongest chemical 
bonds? 

Here is the old problem of the alchemists in a 
new dress: the actual transmutation of the elements. 
Now, however, the motive is not the lust for gold, 
cloaked by the mystery of magic arts, but the 
scientist’s pure curiosity. For it is clear from the 
outset that we may not expect wealth too. It is a 
question of shooting at and hitting atomic nucle, 
and we know how small these targets are: their 
radius is one hundred-thousandth (107°) that of the 
atom, so that the area of the target 1s 107° & 1075, 
that is, 101° (one ten-thousand-miullionth) of the 
cross-section of the atom. It is only by the utmost 
refinement of experimental technique that we can 
succeed in occasionally scoring a bull’s-eye and 
observing the results. Rutherford was the first to 
transmute atoms, by bombarding nitrogen atoms 
with a-rays. In the Wilson chamber containing 
nitrogen, tracks of a-particles are occasionally seen 
which come abruptly to an end; 1n their place 
appears a new track of greater range (Plate VII(4), 
facing p. 266). The same result was soon obtained 
with many other elements. Deviation experiments 
showed that the new particles are protons. At first 
the phrase ‘“‘ nuclear disintegration ’’ was used, but 
this expression is misleading. Clearly it 1s a case 
of a nuclear transformation, which 1s actually rather a 
process of building-up; for the heavy a-particle is 


retained and the light proton flung out. 
Ca 969) S2 
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It is now customary to express these nuclear 
transformations symbolically in the same way as 
chemical reactions. "To the symbol of the nucleus 
we add the mass as a left-hand suffix and the charge 
(the atomic number) as a right-hand index; for 
example, we express the nitrogen nucleus by ,N?*. 
Then Rutherford’s original nuclear reaction 1s 
obviously 


,Ni4 4 WHet > ,O17 + ,H!; 


that is, the a-particle, which is a helium nucleus 
eHe4, combines with the nitrogen nucleus to form 
a nucleus of the oxygen isotope ,O1'"’, a proton 
,Hi} being split off. Any other nuclear reaction can 
be expressed in exactly the same way. 

These experiments confirm the idea that the 
nuclei are built up of protons; for protons are always 
shot out. 

‘The next step, of course, was to use not only the 
a-rays provided by Nature, but also artifictal a-rays. 
This raised the technical problem of constructing 
tubes which would give positive rays of far greater 
energy than any previously used. In addition, huge 
machines had to be made to give the gigantic elec- 
trical tensions necessary, and insulators had to be 
found which could stand up to these tensions. Many 
laboratories all over the world worked at the problem, 
aiming at tensions of more than a million volts. Some 
were even bold enough to harness lightning; a 
station was built on Monte Generoso to utilize the 
immense tensions which occur during thunderstorms. 

Yet the first great success was scored by Cock- 
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croft and Walton, using comparatively insignificant 
apparatus. They produced beams of protons of 
‘“ only ’’ 120,000 volts, and with these they managed 
to disintegrate the lithium nucleus, according to the 
formula 
gha’ 4 4it = ~He? +, He*. 

By catching a proton the lithium nucleus acquires 
the charge 4 and the mass 8; it then breaks down 
into two helium nuclei, which are, of course, par- 
ticularly stable structures. In the Wilson chamber 
it is actually possible to see two helium nuclei 
flying off in opposite directions as “‘ artificial a-rays ’”’ 
(Plate VII(c), facing p. 266). 

Similar reactions can be brought about with 
many other nuclei. It is usually possible to guess 
what the nature of the fragments will be; then it is 
necessary to test whether the energy transformation 
during the process agrees with the guess. For the 
mass-defects of the nuclei are known, and hence 
their binding energies, and the kinetic energies of 
the projectile and of the resulting fragments can be 
measured. 

Other projectiles can be used besides protons. 
The deuteron , D* has been found to be particularly 
effective. If it 1s shot into heavy water or other 
substances which themselves contain , D* atoms, re- 
actions are observed which are very probably to be 
interpreted as follows: 

1D? ,D?— ,He+ ,H! 
and ,D?-+ ,D?— ,He?+4 gn’, 


where on! denotes the neutron. Thus new isotopes 
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of hydrogen and of helium are produced, which are 
isobaric with weight 3. ‘The existence of the hydro- 
gen isotope , H?, which was naturally given the name 
triton, was soon afterwards confirmed by the mass 


spectrograph. 
An important discovery was made by Iréne Curie 
and Joliot. They bombarded aluminium with 


a-rays and found that after the bombardment had 
ceased the aluminium itself emitted rays: it had 
become radioactive, emitting positive electrons. I'wo 
reactions are involved; the first, 


rs Al?? + Het — ie -+- on’, 


consists in the transformation of the aluminium 
nucleus into a phosphorus nucleus by the capture 
of an a-particle, a neutron being emitted. ‘This 
phosphorus nucleus, however, is not the ordinary 
stable one, for though it has the same charge 165, 
its mass is 30 instead of 31. hus a new isotope 
of phosphorus has been produced, which 1s un- 
stable; it explodes in accordance with the formula 


apr? — 445159 4- positron, 


becoming transformed into the stable isotope of 
silicon, with the emission of a positron. According 
to Fermi, a particularly large yield is obtained by 
bombardment with neutrons, especially if these are 
slowed down by passage through a layer of paraffin- 
wax. 

The half-value period of ‘“* radio-phosphorus 
amounts to only three minutes. In other cases 
shorter or longer half-value periods have been found, 


>> 
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ranging up to about half an hour. These times are 
long enough for chemical reactions to be performed 
with the substances and tests made to find out with 
what elements they are precipitated. In this way 
the correctness of the interpretation of many nuclear 
reactions has been confirmed. 

At present we know of radioactive isotopes of 
more than half the elements of the periodic system. 
It even looks as if we had succeeded in passing 
beyond its bounds, for it 1s probable that a radio- 
active nucleus 93 can be produced from the last 
element, uranium, 92. 

‘The most recent success in the realm of nuclear 
reactions has been scored by Chadwick and Gold- 
haber. They used radiation in the form of y-rays, 
and showed that the deuteron then breaks up into 
a proton and a neutron, according to the formula 


,D*+ y ~ ,H'-+ on’. 


‘The importance of this reaction les in the fact that 
here the simplest composite nucleus is directly de- 
composed into its constituents. Besides, the reaction 
yields a very accurate value for the mass of the 
neutron, which is found to be practically identical 
with that of the proton. 


8. Nuclear Structure. 


With this material at our disposal, we shall now 
attempt to picture how the nuclei are built up. 

The difficulty is that we know practically nothing 
about the forces which are acting in these very small 
regions. “Chere is nothing for it but to proceed in 
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the reverse way, inferring the forces and their laws 
from the observed facts. 

When a nucleus flies to bits, whether spon- 
taneously or on being broken down by the impact 
of a projectile, the fragments sometimes are them- 
selves composite nuclei, such as helium nuclei or 
lithium nucle1, sometimes elementary particles. All 
four kinds of the latter occur: electrons, posi- 


trons, protons, neutrons... The simplest composite 
nucleus D breaks down into a neutron and a 
proton. 


This suggests that perhaps all nuclei can be built 
up from neutrons and protons. As the addition of 
a neutron raises the mass by 1 but leaves the charge 
unaltered, whereas the addition of a proton raises 
both mass and charge by 1, every imaginable nucleus 
can be built up in this way. Helium, .He?4, for 
example, would consist of two neutrons and two 
protons, the lithium isotope ;L1® of three neutrons 
and three protons, the lithium tsotope 31-1’ of four 
neutrons and three protons, and so on. 

‘This idea is now generally accepted, for several] 
reasons. 

The older hypothesis that the nuclei consist of 
protons and electrons no longer has any justification 
now that the neutron and the positron have been 
discovered, and there are a number of facts that 
directly contradict it. For example, it can be shown 
experimentally that the nuclei rotate; they possess 
angular momentum. This follows from observations 
of various types. Many spectral lines exhibit a very 
fine structure, known as the Ayperfine structure, which 
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can be explained by the assumption that the nuclei 
execute quantized rotations, with quantization of 
direction (p. 184). From this the angular momen- 
tum of the nucleus can be inferred. Stern has even 
succeeded in refining his magnetic deviation method 
(p. 230) to such an extent that in some cases the 
mechanical and magnetic momenta of the nuclei 
can be detected and measured. 

The chief result of this method and other less 
direct methods is that the proton has exactly the 
same “‘spin’’ as the electron, namely, $ Gn quantum 
units, 4 being the unit of angular momentum). 
By the rules for the combination of spins, a nucleus 
should have an angular momentum of 4, or 3, or 
$, - -. if it consists of an odd number of particles 
(counting electrons and protons together), but o, 
or I, or 2, ... if 1t consists of an even number of 
particles. This, however, is not the case. Nitrogen, 
7Ni4, for example, consists of 14 protons and 7 
electrons, that is, 21 particles in all; this is an odd 
number, but the angular momentum is I. 

On the contrary, everything comes all right if we 
ascribe the spin 4 to the neutron also—for which 
there are reasons. ‘Then the nitrogen nucleus con- 
sists of 7 protons and 7 neutrons, that is, of 14 
particles in all, a number compatible with the angular 
momentum I. 

Similarly in many other cases: the hypothesis 
of protons and electrons leads to contradictions, 
whereas the hypothesis of protons and neutrons is 
in agreement with experiment. 

The assumption that the angular momentum of 
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the neutron is $ is supported above all by the experi- 
mental fact that the deuteron has the angular mo- 
mentum 1; the spins of the proton and of the 
neutron, both equal to 4, are simply added. 

The most important argument for the hypothesis 
of protons and neutrons, however, is its power to 
explain a very striking regularity in the periodic 
system, namely, the fact that the atomic weights of 
the lighter atoms are often just double the atomic 
number, and that for heavier elements the atomic 
weight increases more rapidly than twice the atomic 
number. To do this, we need only make the follow- 
ing very plausible assumptions about the forces 
between neutrons and protons: 


(1) neutrons have very little effect on one another; 

(2) protons repel one another, owing to their 
charge; 

(3) protons and neutrons attract one another with 
a very much stronger force, which, like chemical 
forces, exhibits the phenomenon of saturation. 


‘True, we do not know the exact nature of these 
forces, but we can get a rough idea of how they 
arise. In the case of chemical forces the attraction 
is due to the exchange of electrons in the outer 
shells. We may imagine that a similar state of affairs 
holds for the proton and the neutron; the proton 
gives its excess charge up to the neutron, so that 
the latter becomes a proton, and then the process 
is reversed. We may even think of it as the direct 
exchange of a positron (or, if we start from the 
neutron, of an electron). However this may be, the 
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effect of the force is certainly made immediately 
obvious by the existence of the deuteron. 

Now the regularity which we mentioned above 
can be explained as follows, according to Heisen- 
berg. As many saturated neutron-proton pairs are 
formed as possible. A packet of these pairs forms 
a nucleus, whose mass, of course, is double its 
charge. If, however, the number of particles becomes 
large, the electrical repulsion of the protons comes 
into play; the protons tend to force out other 
protons, so that a system with more neutrons than 
protons will be more stable; that is, the mass will be 
greater than twice the charge. 

This argument can be extended and refined to 
cover a preat many details. 

Whence, then, do the electrons and positrons 
which occasionally fly out of the nucleus come? 

Here again the hypothesis that the nuclei are built 
up of protons and neutrons has a great advantage. 
It reduces the emission of particles of light mass to 
a stmgle elementary process; and there are good ex- 
perimental grounds for this. For electrons and 
positrons never appear when the nucleus is instan- 
taneously smashed by a particle hitting it; but they 
may appear in either natural or induced radioactive 
disintegrations. 

We assume that the electrons and positrons arise 
from the transformations mentioned on p. 266: 


Proton — Neutron -+ Positron, 
Neutron —> Proton -++ Electron. 


These will occur spontaneously if the nucleus there- 
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by assumes a state of greater strength. Suppose, say, 
that by the escape of an a-particle a nucleus has been 
produced which has one neutron more than is good 
for it; then the neutron gives up an electron and 
changes into a proton, which is held more firmly. 

A difficulty arises in connexion with the spins: 
neutron, proton, and electron each have the spin 4; 
if the proton and the electron combine, the spin 
could be either 4 — 4=—> 0 or $+ $= 1, but not $. 
But worse is to follow! 

These emissions of particles of Hight mass all 
exhibit a peculiarly sinister feature: the particles 
have no definite energy, but fly out with all possible 
velocities. Yet the nucleus left behind seems to 
be well defined. This is a very difficult point, one 
of the greatest riddles of nuclear physics. If the 
nucleus is 1n a definite state before and after emission, 
it must have given up a definite quantity of energy. 
How, then, can the electrons shot out have varying 
energies? There are only two ways open; either the 
assumption that energy is created out of nothing or 
annihilated——which we feel very unwilling to 
adopt—or the assumption that there is a new in- 
visible particle, not accessible to direct observation, 
which secretly carries away the missing energy. 
This particle would have to have the spin 4; the 
difficulty about the combination of the spins, men- 
tioned above, would then disappear. Further, this 
particle would have to be uncharged, and as light as 
an electron—if possible, it should, like a light- 
quantum, have no rest-mass at all. It has been 
given the fine-sounding name of “ neutrino ’’. The 
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future must be left to decide whether it possesses 
any kind of reality. 

An unbiassed survey of the present state of nuclear 
physics, as summarized in Plate VITI (facing p. 272) 
reveals that we are only at the beginning of things. 
The printer’s ‘“‘ devil ’’ once played me the trick 
of changing “ nuclear physics’”’ into ‘“* unclear 
physics ’’. He was not far wrong. I am convinced 
that the dual conception of matter, as particles which 
act on one another by means of the electromagnetic 
field, cannot be final. Particle and field must form 
a higher unity; they must be much more intimately 
related to one another than 1s assumed in the wave 
mechanics. 

The riddle of matter is still unsolved, but it is 
reduced to the problem of the ultimate particles. 
The solution of this problem is the task of the 
physics of the future. 


Conclusion. 


We have reached the end of our journey into the 
depths of matter. We have sought for firm ground 
and found none. The deeper we penetrate, the 
more restless becomes the universe, and the vaguer 
and cloudier. It is said that Archimedes, full of pride 
in his machines, cried, ‘‘ Give me a place to stand, 
and I will move the world!’’ There is no fixed place 
in the universe: all is rushing about and vibrating 
in a wild dance. But not for that reason only is 
Archimedes’ saying pontifical. “To move the world 
would mean contravening its laws; but these are 
strict and invariable. 
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The scientist’s urge to investigate, like the faith 
of the devout or the inspiration of the artist, 1s an 
expression of mankind’s longing for something 
fixed, something at rest in the universal whirl: 
God, Beauty, Truth. 

Truth is what the scientist aims at. He finds 
nothing at rest, nothing enduring, in the universe. 
Not everything is knowable, still less is predictable. 
But the mind of man is capable of grasping and 
understanding at least a part of Creation; amid the 


flight of phenomena stands the immutable pole of 
law. 


So schaff’ ich am sausenden Webstuhl der Zeit 
Und wirke der Gottheit lebendiges Kleid. 


Csoethe, Faust. 


"Tis thus at the roaring Loom of TVime I ply, 
And weave for God the Garment thou seest Him by. 


Carlyle. 


